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ABSTRACT 
Biological reactions often experience inhibition from high concentration of 
substrates, reaction products and other external inhibitory compounds. The 
inhibitory compounds may affect the enzymatic system leading to different 
forms of competitive, non-competitive or uncompetitive reversible inhibition. 
In other situations, the concentration of inhibitory compound could result in 
poisoning leading to irreversible inhibition. There are several mathematical 
models to express reversible inhibition, however recovery and adaptation 
phenomenon are not well described by these models. Furthermore, the 
modelling approaches for irreversible inhibitions are not well developed. 
In this study, an irreversible inhibition function was developed and 
evaluated using nitrite oxidising organisms (NOO) as a research subject 
under different nitrite concentrations and pH. A set of batch tests was 
carried out at pH 7.0 where the nitrite concentration was automatically kept 
almost constant over the experimental periods for 7 days. During the 
experiments oxygen uptake rate (OUR) and microscopic cell-counting using 
bacterial staining (live/dead method) were performed at 24-hr interval. The 
OUR at 50 mg-N-NaNO2/L linearly increased with an increase of ‘living cells’ 
whilst the OUR and the living cells without nitrite decreased logarithmically 
showing that decay took place. On the other hand, when the nitrite 
concentration was set at over 500 mg-N/L, both OUR and living cells 
decreased at higher specific decay rates than that without nitrite. In the 
conditions the number of cells stained as ‘dead’ (cells with damaged cell 
membrane) increased along with time but did not correspond to the loss of 
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living cells, suggesting a deformation of cell particulates after death. Based 
on the response the behaviours for NOO and other cryptic growing 
microorganisms were expressed on Gujer-matrix and these kinetics were 
estimated. 
Nitrite and ammonia may exist in the nitrification process in N-removal of 
wastewater treatment, and free nitrous acid (FNA) and free ammonia (FA) 
was identified as reversible inhibitors for NOO and ammonia oxidising 
organisms (AOO) in previous researches. To evaluate and model for 
reversible and irreversible inhibition by FNA and FA, Batch experiments 
were conducted using nitrite-N concentration in the range of 125 - 2000 
mg-N/L (the N concentration ratio of nitrite and ammonia was kept at 1 in 
parallel experiments), and the OURs were measured as dynamic reaction 
responses.  
OUR responses revealed that the inhibition effect of FNA and FA 
disappeared after several hours due to microbial adaptation from the shock 
loading. The OUR tests also indicated irreversible inhibition (poisoning) 
leading to a perpetual reduction in activity at higher doses of inhibitory 
compounds. For the reversible inhibition a time-dependent switching 
function was developed to express the degree of adaptation. The irreversible 
poisoning phenomenon was defined as an additional first-order type 
decay/death process that was initiated when the inhibitory concentration 
exceeded the threshold level. The modified model developed from the batch 
experimental data was able to reasonably reproduce the effluent nitrogenous 
concentration in the WERF benchmark datasets of over 250 days.  
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1. Introduction 
 
1.1 Background 
1.1.1 N-cycle in wastewater 
Nitrogen makes up approximate 80% of atmosphere and is an important 
component of organics, for instance proteins，lipids, nucleic that are integral 
materials for life. As there are 5 outermost electron in nitrogen atom, so it is 
possible to form many oxidation states from -3 to +5 shown in Fig.1.1. In 
wastewater, Ammonia (NH4+), nitrite (NO2-), nitrate (NO3-) are the three 
common stable soluble N forms in the many possible compounds of nitrogen. 
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Figure 1. 1 Simplified nitrogen cycle in nature (WEF, 2010) 
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Nitrogen is being changed from one form to another constantly by biological 
reactions. These changes are selected and mapped in Fig1.1. In the biological 
wastewater treatment process, organic nitrogen (Org N) and ammonia were 
considered as influent nitrogen source and enter N-removal cycle, and the 
ammonia was considered as the main dissolved inorganic nitrogen in 
influent. In some instances, other nitrogen forms (e.g. NO2- and NO3-) also 
may exist. 
 
1.1.2 Necessity of N- removal from wastewater 
Inorganic nitrogen and phosphorus provide nutrient sources for algae bloom 
and eutrophication in receiving waters. Algae can cause taste and odor 
problems in a water body. If the water was supplied for drinking water, this 
problem can be significant and harmful to health. Because algae covers the 
surface of the water body and hinders oxygen transfer into water from air, 
dissolved oxygen (DO) concentration becomes low resulting in death of fish 
and other aquatic organisms.  
 
Additionally a high concentration ammonia is toxic to many aquatic species, 
even killing fish and aquatic organisms in the receiving stream. Nitrate, one 
of nitrogen forms in N-cycle, can act as a nutrient material in receiving 
streams and poses a health risk to contaminate drinking water supplies 
when beyond a certain level. Research has shown that when water contains 
elevated levels of nitrate (> 20 mg/L), an illnesses known as 
methemoglobinemia, hypertension and stomach cancer can occur. Typically 
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methemoglobinemia can affect from infants to the elderly, and causes its 
victims to turn a pale blue/gray and become lethargic and ultimately 
comatose. Finally death follows soon if no treatment is administered. For all 
the above reasons and factors, it is necessary to control nitrogenous 
compounds and remove nitrogen in water bodies. (Fuh, 1974; Shindala, 1972; 
Stensel, 1971; Stensel, 1973; WEF 2005; WEF 2010.)   
 
1.1.3 Biological N-removal 
In the natural world, changes to nitrogen compounds are mostly 
accomplished biologically, by living organisms. These organisms live in 
environments that are aerobic, anaerobic and even anoxic (WEF, 2010). In 
modern wastewater treatment plants nitrogen compounds can be changed 
among different N-forms. Typically, nitrogen is input into a wastewater 
treatment plant in the form of ammonia and organic nitrogen as influent 
nitrogen. The general N-removal process in biological wastewater treatment 
is that nitrogen compounds enter the influent (mainly ammonia) and are 
converted to nitrite, or nitrate and then converted into nitrogen gas (N2). N2 
is released back into the atmosphere, completing the N-cycle. The above 
processes are known as nitrification by nitrifying bacteria and denitrification 
by denitrifying bacteria that will be introduced in the following section. 
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1.2 N-removal in activated sludge processes 
 
The nitrogen cycle in the activated sludge process is shown in Fig. 1.1 from 
ammonia to nitrogen gas. Traditional biological nitrogen removal (BNR) is 
from ammonia to hydroxylamine, nitrite and nitrate, then nitrate is changed 
to dinitrogen gas linked by the solid line in Fig.1.1. The whole process can be 
separated by two steps, nitrification and denitrification. 
 
1.2.1 Nitrification 
The nitrification process is the biological oxidation of ammonia to nitrite and 
then nitrate. The two-step nitrification process is carried out by two types of 
bacteria: AOO and NOO. In previous description, ammonia oxidizing 
bacteria (AOB) and nitrite oxidizing bacteria (NOB) were utilized to express 
the bacterial types acting on two-step nitrification. However, according to 
recent research, the biological species on nitrification are not only 
eukaryotes but also prokaryotes. To describe the facts, ammonia oxidizing 
organism (AOO) and nitrite oxidizing organism (NOO) were suggested to be 
utilized (Corominas et al., 2010). In this study, the names of AOO and NOO 
will be utilized.  
 
AOO is responsible for ammonia oxidation changing NH4+ into NO2- 
according to following Eq.1.1-1.3 (Kowalchuk and Stephen 2001). AOO first 
use the membrane-bound enzyme AMO to catalyze the oxidation of ammonia 
to hydroxylamine (NH2OH) shown in Eq.1.1, this process requires one 
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oxygen (O2), two protons, and two electrons. One O is inserted into NH3 to 
form NH2OH, and the other O is combined with the two protons and 
electrons to form H2O (Wood, 1986; Hooper et al., 1997; Poughon et al., 2001). 
After the oxidation of NH3 to NH2OH, in the periplasmic space, HAO is used 
to catalyze the oxidation of NH2OH to NO2- shown in Eq.1.2. In this process, 
four electrons are released and channeled through the tetraheme cytochrome 
C554, C552 to ubiquinone pool where electrons are partitioned, two electrons go 
to support further ammonia oxidation by AMO. And two electrons pass 
though the electron transport chain to generate a proton gradient for ATP 
generation and to provide a reductant for other cellular processes shown in 
Fig.1.2. The final oxidation reduction reaction that the two electrons 
attended by Cytaa3 oxidase can be expressed by Eq.1.3. It needs to be 
mentioned that electrons released from NH2OH oxidation are not expected to 
have a forward flow through NADH oxidoreductase as shown in Fig.1.2.  
 
NH3 + 2H+ + 2e- + O2  NH2OH + H2O (1.1) 
NH2OH + H2O  NO2- + 5H+ + 4e- (1.2) 
2H+ + 0.5O2 +2e-  H2O (1.3) 
8 
 
Cytoplasm
Periplasm
NH3 + O2
0.5O2
+ 2H+
H2O
AMO 
NH2OH + H2O
HAO
5H+ + NO2
-
4e-
Cyt aa3
oxidase
NAD+NADH
Cell 
membrane
Outside 
cell
C554
C552
QH2 Q+2H
+
2e-
2e-
bc1
H+
H+
NADH
dehydrogenase
C552
H+
H+
QH2
2e-
H+
H+  
Figure 1. 2 Biochemical pathway for ammonia oxidation (Hopper et al., 1997; 
Arp & Stein, 2003) 
AMO – ammonia monoxygenase;  
HAO– hydroxylamine oxidoreductase;  
P460 – cytochrome P460;  
Q –Ubiquinone-8;  
QH2 –Quinol; 
C552 –cytochrome c552;  
C554–cytochrome c554 
bc1–cytochrome bc1 
Nick – nitrite reductase; 
Cytaa3 oxidase– cytochrome oxidase;  
 
The NOO is responsible for nitrite oxidation changing NO2- into NO3-. The 
empirical mechanism was described by Eq.1.4 and Eq.1.5. The oxidation of 
one molecule of nitrite produces 2H+ and 2 molecules electrons shown in 
Eq.1.4, then 0.5 molecule O2 is combined with the two protons and electrons 
to form H2O shown in Eq.1.5. As the details of energy generation from NO2- 
oxidation are still uncertain and primarily due to limited research and few 
publications, the sample transport process was shown in Fig.1.3. 
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Figure 1. 3 Biochemical pathway for nitrite oxidation in Nitrobacter. (Bess et 
al., 2011) 
Nark – Membrane protein Nark;  
NxrA– Nitrite oxidizing enzyme A;  
NxrB– Nitrite oxidizing enzyme B;  
NxrD– Nitrite oxidizing enzyme D;;  
QH2 –Quinol; 
CytC550 –cytochrome c550;  
 
1.2.2 Denitrification 
Denitrification is the biological oxidation of nitrate to nitrite and then 
nitrogen gas, in this process nitrogen gas can be in the form of NO, N2O and 
N2 according to different oxidation station of nitrogen shown in Figure. 1.1. 
The complete denitrification process can be expressed as in Eq. 1.6. 
NO3- + 5e- + 5H+  0.5N2 + 2H2O + OH- (1.6) 
 
NO2- + H2O  NO3- + 2H+ + 2e- (1.4) 
2H+ + 2e- + 0.5O2  H2O (1.5) 
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Except traditional N-removal process, a new BNR process – anaerobic 
ammonia oxidation (ANAMMOX) process that can produce nitrogen gas by 
ammonia and nitrite exists shown in Fig. 1.1 that process was linked and 
marked by dotted lines. The ANAMMOX process has the advantages of less 
energy consumption and no need for COD input.  
 
With the development of biological wastewater treatment technology 
especially ANAMMOX, partial nitrification (from ammonia to nitrite) 
became a key step to achieve ANAMMOX process. To achieve partial 
nitrification, the inhibition of NOO's activity while maintains AOO's activity 
became a focal research point.  
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1.3 Development of Activated Sludge Model 
(ASM) 
 
Modelling of activated sludge processes has become a common part of the 
design and operation of wastewater treatment plants. Today models are 
being used in design, control, teaching and research (Henze et al., 2000).  
 
A task group on mathematical modeling for design and operation of activated 
sludge processes was established by the International Association on Water 
Pollution Research and Control (IAWPRC) in 1982. The aim of the task 
group was to create a common platform that could be utilized for future 
model development for nitrogen-removal processes using activated sludge. It 
required the developed model to be easy to use with minimum complexity.  
In 1986 the first IAWQ model named ASM1 was constructed and 
incorporated into a basic model for COD removal, oxygen demand, bacterial 
growth and biomass degradation. An example process kinetics and 
stoichiometry using heterotrophic bacteria for growth and decay in an 
aerobic environment was shown in Table 1.1 
 
In ASM1, nitrification was expressed as a one-step process from ammonia to 
nitrate.  The process kinetics and stoichiometry for nitrification was shown 
in Table 2. Inhibition in ASM1 was described using substrates (SS, O2) 
Monod-type function. In extended models based on ASM1, ASM2, ASM2d, 
and ASM3 were developed using Monod-type expressions on the growth 
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stage. 
 
Table 1. 1 Process kinetics and stoichiometry for heterotrophic bacterial 
growth in an aerobic environment 
component i 1 2 3 Process Rate, j 
[ML-3T-1] j  process  XB SS SO 
1  Growth 1 -1/Y -(1-Y)/Y B
SS
S X
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S

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Stoichiometric 
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Kinetic parameter: 
max: Maximum 
specific growth rate 
KS: Half-saturation 
coefficient.  
b:Decay rate (d-1) 
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Table 1. 2 Process kinetics and stoichiometry for nitrification 
component
 
i 
SNH4 SNO3 SO2 XB,A XCB XU 
Process Rate, j 
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Kinetic parameter: 
 max,A: Autotrophic 
maximum specific 
growth rate. 
KS: Half-saturation 
coefficient. 
bA: Autotrophic decay 
rate. 
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1.4 Research Objective  
 
In the BNR process, inhibition was focused on with in-depth study on the 
development of new technology, for instance single reactor systems for high 
ammonia removal over nitrite (Sharon), and ANaerobic AMmonia Oxidation 
(ANAMMOX) (van Dongen et al., 2001). 
 
Biological reactions often experience inhibition conditions from high 
concentration of substrates, reaction products or other external inhibitory 
compounds. The inhibitory compounds may affect the enzymatic system 
leading to different forms of competitive, non-competitive or uncompetitive 
reversible enzyme inhibition. In other situations, the concentration of 
inhibitory compounds could result in poisoning leading to irreversible 
inhibition. There are several mathematical models to express reversible 
inhibition, however the recovery/adaptation phenomenon is not well 
described by these models. Furthermore, the modelling approaches for 
irreversible inhibitions are not well developed. 
 
In previous researches, AOO and NOO were selected as study object for 
substrate inhibition, due to the fact that they can be inhibited by their own 
substrates, ammonia and nitrite are the intermediates and products of the 
nitrification process. In AOO reaction, pH changes significantly by ammonia 
oxidizing to nitrite, and pH in NOO reaction changes very slight by nitrite 
oxidizing to nitrate. In this study NOO was selected to explore and model the 
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inhibition phenomenon.  
 
The objectives of this study are as follows: 
1. To verify and evaluate irreversible inhibition acting on decay stage. 
2. To construct a new function to describe the irreversible inhibition. 
3. To combine the reversible and the irreversible inhibition into one model, 
simulating OUR using different inhibitory concentrations. 
4. Model simulation to verify the benchmark datasets. 
 
The thesis content was composed by 7 chapters. 
In chapter 1, the research background is introduced identifying the research 
objectives. Previous research about nitrification, inhibition, models are 
discussed in chapter 2. Reversible inhibitions acting on growth stage were 
studied in many previous research, while there is limited documention about 
irreversible inhibition acting on decay stage. To contribute to research filed, 
NOO batch tests were operated under different nitrite concentrations with 
live/dead staining to verify irreversible inhibition in chapter 3, and a model 
with irreversible function acting on decay stage was suggested. In chapter 4, 
a model combining reversible inhibition with irreversible inhibition of FNA 
and FA was constructed, and six datasets from batch tests using different 
concentrations of nitrite and ammonia as substrates were simulated 
successfully using the model. Four benchmark datasets published by IWA 
and a continuous operation to achieve partial nitrification in the lab were 
simulated successfully using irreversible inhibition model in chapter 5. In 
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chapter 6, three sets of bioaugmentation datasets with nitrifiers 
development from different substrates were simulated to verify the 
bioaugmentation ability according to obtained kinetics from simulation. The 
research is then summarized in chapter 7.  
17 
 
2. Previous Researches 
 
2.1 Nitrification process 
 
Nitrification and denitrification as the key processes in biological N-removal 
from wastewater are carried out by nitrifying bacteria and denitrifying 
bacteria separately.  
 
In the nitrification process, the two steps are carried out by distinct group of 
bacteria: ammonium is firstly oxidized to nitrite by autotrophic ammonia 
oxidizing organism (AOO), then nitrite is oxidized to nitrate by autotrophic 
nitrite oxidizing organism (NOO) as mentioned in Chapter 1. 
 
In wastewater treatment plants, the most common AOO belong to the genus 
Nitrosomonas. Other genera with similar capability include Nitrosococcus, 
Nitrisospira, Nitrosolobus, and Nitrosorobrio (Painter, 1970). And in 
activated sludge system, Nitrobacter spp. has been believed to be most 
common nitrite oxidizer. However some recent researches suggest that 
Nitrospira-like bacteria are the dominant NOO in wastewater treatment 
systems (Schramm et al., 1998). Additionally, there are other genera capable 
of oxidizing nitrite to nitrate for energy including Nitrococcus, Nitrospina 
and Nitrocystics (Metcalf and Eddy, 2003). AOO and NOO are referred 
collectively to as nitrifiers in one-step nitrification process. Although AOO 
and NOO can exist in similar conditions and were classified together, they 
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are not related phylogentically. The microbial ecology of ammonia oxidizing 
bacteria (AOB) and nitrite oxidizing bacteria (NOB) relevant to activated 
sludge is given in Figure.2.1  
 
Figure 2. 1 Microbial ecology and phylogenetic diversity of ammonia oxidizing bacteria and 
nitrite oxidizing bacteria relevant to activated sludge (WEF, 2010). 
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2.2 Kinetics in nitrification 
 
According to Gujer and Jenkins’s researches (1974), the overall nitrification 
reaction can be summarized as in Eq. (2.1): 
1.02NH4+ + 1.89O2 + 2.02HCO3-   
0.021C5H7O2N + 1.06H2O + 1.92H2CO3 +1.00NO3- 
(2.1) 
 
To explore oxidation by AOO and NOO separately, one research was reported 
by Haug and McCarty (1972) noted that the oxidation of 100 mg of ammonia 
to nitrate resulted in the production of 14.6 mg of AOO biomass and 2.0 mg 
of NOO biomass, as follows Eq. (2.2) and (2.3): 
55NH4+ + 76O2 + 109HCO3-   
C5H7O2N (AOO) + 57H2O + 104H2CO3 +54NO2- 
(2.2) 
  
400NO2- + NH4+ + 4H2CO3 + 195O2 + HCO3-   
C5H7O2N (NOO) + 3H2O + 400NO3- 
(2.3) 
 
Nitrification typically limits overall traditional biological nitrogen removal 
process due to lower specific growth rates and higher sensitivity to 
environmental factors such as temperature, pH and the presence of organic 
chemicals and heavy metals in nitrifying microorganism (Grady et al., 1999). 
Further, the nitrifying bacteria including AOO and NOO can also be 
inhibited by their own substrates, the intermediates and products of the 
nitrification process, ammonia and nitrite. Therefore, to ensure proper 
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design and operation of bioreactors for nitrogen removal, it is essential to 
obtain estimates of the kinetics of nitrification. 
 
The Monod equation is utilized to describe the effect of substrates on 
bacterial growth that was found by Monod in 1949 (Monod, 1949). If 
assuming no alkalinity limitation, the bacterial growth rate can be expressed 
using Eq. (2.4) taking AOO as an example: 





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
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

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,2,2
2
4,4
4
max,
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  (2.4) 
 
Where,  
AOO: Specific growth rate of AOO biomass, d-1; 
max,AOO: Maximum specific growth rate of AOO, d-1; 
SNH4: Ammonia concentration, mg-N/L; 
KS,NH4,AOO: Half-saturation coefficient for AOO, mg-N/L 
SO2: Dissolved oxygen concentration of bulk mixed liquor or wastewater, 
mg-O/L; 
KS,O2,AOO: Oxygen half-saturation coefficient for AOO, mg-O/L 
 
Since NOO can use both ammonia and nitrite as nitrogen sources as shown 
in Eq.2.3. As the ammonia is much less than nitrite as NOO substrate, if 
considering NH4+-N as the nitrogen source, the specific NOO growth rate 
equation can be expressed as follows Eq. (2.5): 
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Where,  
NOO: Specific growth rate of NOO biomass, d-1; 
max,NOO: Maximum specific growth rate of NOO, d-1; 
SNH4: Ammonia concentration, mg-N/L; 
KS,NH4,NOO: Half-saturation coefficient for NOO, mg-N/L 
SO2: Dissolved oxygen concentration of bulk mixed liquor or wastewater, 
mg-O/L; 
KS,O2,NOO: Oxygen half-saturation coefficient for NOO, mg-O/L 
SNO2: Nitrite concentration, mg-N/L; 
KS,NO2,NOO: Nitrite half-saturation coefficient for NOO, mg-N/L 
 
In the above example growth functions, there is a important parameter “K” 
that represents a half-saturation coefficient for different bacterial organism. 
K” determines how rapidly  approaches max in Monod equations in terms of 
the substrates concentrations. The value of "K" is defined as the substrate 
concentration at which  is equal to half of max. An example relationship 
between “max” and “K” of AOO was shown in Fig.2.2 when DO is not 
assumed to be not limiting or inhibitive. 
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Figure 2. 2 Relationship between specific growth rate of AOO and 
ammonia-N concentration as predicted by Monod equation (dissolved 
oxygen is assumed to be no limiting) 
 
In the nitrification process, to describe the specific growth rate, specific 
oxidation rates of ammonia or nitrite are approximately similar. The oxygen 
uptake rate (OUR) can be expressed by following equation (2.6): 
OUR = A (1-YA)/YA (2.6) 
 
Where, 
OUR: specific ammonia or nitrite oxidation rate, g-N/L/d; 
YA: yield of AOO (or NOO), g-COD/g-N 
  
Specific inherent decay rate (bD) is the parameter in each species of bacteria 
by bacterial characteristics. Form literatures the inherent decay rate values 
for AOO, NOO and OHO were listed in Table 2.1. The main kinetics in AOO 
and NOO in previous researches was shown in Table 2.2 and Table 2.3  
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Table 2. 1 Estimated aerobic decay rates at 20°C in conventional activated 
sludge (CAS) and membrane bioreactor (MBR) system (adapted from 
Manser, 2006) 
System Decay for AOO 
(d-1) 
Decay for NOO 
(d-1) 
Decay for OHO 
(d-1) 
CAS 0.15±0.02 0.15±0.01 0.28±0.05 
MBR 0.14±0.01 0.14±0.01 0.23±0.03 
 
Table 2. 2 AOO and NOO yield values 
Reference 
AOO yield 
(gCOD/gNH4-N) 
NOO yield 
(gCOD/gNO2-N) 
YAOO/YNOO 
Knowles et al., 1965 0.05 0.02 2.50 
Gee et al., 1990 (a) 0.43 0.132 3.25 
Gee et al., 1990 (a) 0.40 0.114 3.50 
Wiesmann, 1994 0.147 0.042 3.50 
Kopp and Murphy, 1995 - 0.015 - 
Schintuch et al., 1995 0.14 - - 
Hellinga et al., 1999 0.15 0.041 3.65 
Chandran and Smets, 2000 0.28 0.11 2.61 
Pynaert, 2003 0.04-0.13 0.02-0.08 - 
Guisasola et al., 2005 0.21 0.08 2.62 
Hiatt and Grady, 2008 0.18 0.06 - 
Sin et al., 2008 0.11-0.21 0.03-0.09 - 
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Table 2. 3 Comparison of kinetics parameter for ammonia oxidizing organism (AOO) and nitrite oxidizing 
organism (NOO) 
Bacteria AOO NOO 
Kinetics max,AOO bAOO KS,O2,AOO KS,NH4,AOO max,NOO bNOO KS,O2,NOO KS,NO2,NOO 
Unit d-1 d-1 mg-O2/L mg-N/L d-1 d-1 mg-O2/L mg-N/L 
Wiesman, 
1994 
2.05 0.13 0.6 2.4 1.45 0.06 2.2 5.5 
Hellinga et 
al., 1998 
2.10 - - 0.5-7.0 0.02-0.17 - - 0.26 
Hellinga et 
al., 1999 
2.10 - 1.45 0.468 1.05 - 1.10 0.0014 
Chandran 
and Smets, 
2000 
0.2-0.6 - - 0.5 0.6 - - 1.5 
Wett and 
Rauch, 2003 
4.04 1.0 0.4 0.13 3.21 0.87 1.0 0.3 
Pynaert, 
2003 
0.3-2.2 - 0.03-1.3 0.06-27.5 0.2-2.5 - 0.3-2.5 0.1-15 
Carrera et 
al., 2004 
- - - 0.2 - - - 0.00012 
Van Hulle, 
2004 
1.0±0.2 - 0.94±0.091 0.75±0.052 - - - - 
Manser et 
al., 2005 
- 0.15 0.8 0.14 - 0.22 0.8 0.28 
Guisasola et 
al., 2005 
- - 0.74±0.02 - - - 1.75±0.01 - 
Magri et al., 
2007 
4.55 0.08 0.75 0.88 1.2 0.007 1.22 0.004 
Iacopozzi et 
al., 2007 
0.6313 0.061 0.5 2.0 1.0476 0.061 0.5 0.5 
Sin et al., 
2008 
0.5-2.1 0.15 0.5-3.0 0.14-5.0 0.9-1.8 0.15 0.3-1.1 0.05-3.0 
Hiatt and 
Grady, 2008 
0.78 0.096 - - 0.78 0.096 1.2 - 
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2.3 Inhibition model 
2.3.1 Reversible inhibition 
Different kinds of reaction rate expressions including zero-order, first-order 
and Monod type have been proposed and experimentally determined for the 
nitrification process (Hassan, 1981, 1987). At present, these kinds of 
expression types are utilized and applied to describe biological reaction rate. 
Based on Monod-type expression, some reaction rates were developed to 
describe inhibition or limitation on growth stage. 
 
The zero-order reaction rate is independent of substrate concentration shown 
in Eq. 2.7, in batch test condition, (dS/dt) of Eq.2.8 is the rate of consumption 
of substrate due to oxidation and K0 is the zero-order rate constant. When 
initial S = S0 at T = 0, the Eq. 2.9 can be obtained from Eq. 2.7 and Eq. 2.8. 
 
0Kr   (2.7) 
0K
dt
dS
  (2.8) 
tKSS 00   (2.9) 
 
The first-order reaction rate is a proportion to the first power of reactant 
concentration shown in Eq. 2.10, Where K1 is the first-order reaction rate 
constant. When S = S0 at initial phase of reaction, the solution (S) can be 
calculated by Eq.2.11. 
1K
dt
dS
  (2.10) 
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 tKSS 10 exp   (2.11) 
 
The Monod expression is one of the most widely used expression on microbial 
reaction rate kinetics (Monod, 1949), which relates the bacterial growth rate 
to the concentration of a single growth controlling substrate represented by 
the following Eq. 2.12, a relationship example was shown in Fig. 2.2 of last 
section. In batch test, the relationship of substrate concentration and 
reaction time (t) can be expressed by Eq. 2.13. 
SK
S
S 
 max  (2.12) 
tSS  0  (2.13) 
 
Where  is specific growth rate of mixed microbial culture(d-1), S is limiting 
substrate concentration(mg-S/L), max is maximum specific growth rate of 
the culture (d-1), KS is half saturation constant (mg-S/L). 
 
When S  KS, Eq. (2.12) becomes to first-order expression, while S  KS, it 
becomes a zero-order expression. 
 
Inhibition is an important issue in biological reaction, if bacterial activity 
can be recovered absolutely upon removal of the inhibitor, this kind of 
inhibition is called reversible inhibition (Hassan, 1987). Though different 
researches (Kumar et al., 2005; Nuhoglu and Yalcin, 2005; Okpokwasili and 
Nweke, 2005) several mathematical models were proposed to express the 
culture growth and substrate utilization. Bacterial growth can be modeled by 
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simple Monod equation (Kovarand Egli, 1998). However this equation cannot 
be utilized to describe a phenomenon of growth in presence of some 
inhibitory substance. The Haldane-type inhibition function can be utilized 
traditionally to express the growth in both lower and higher concentrations 
of inhibitory substances. Haldane-type function was shown in Eq. 2.14 
(Wang and Loh, 1999): 
IK
S
SKs
S
2max

   
(2.14) 
 
Where KI is the substrate inhibition constant (mg-S/L). 
 
Due to its advantage of broad applicability, Haldane-type function was 
widely adopted by most of researchers. However there are others types of 
function to describe inhibition developed by researchers.  
 
Aiba et al. (1968) developed a function to express bacterial growth rate as Eq. 
(2.15): 
SKs
K
S
S
I









exp
max  
(2.15) 
 
Based on a theoretical study on the dynamic behavior of continuous 
fermentation in a single container at high concentration of rate limiting 
substrates, Yano and Koga (1969) proposed a growth function shown in 
Eq.2.16. 
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Where KI,1, KI,2 are the positive constants. 
 
Based on Haldane function, Edward (Webb, 1970) proposed the modified 
form shown in Eq.(2.17): 
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Where KI is the substrate inhibition constant. 
 
From the above model developed by Edward, it was found that there are not 
many significant improvements to Haldane model (Mulchandani and Luong, 
1989). So Teisser (1970) proposed and developed another function to predict 
substrate inhibition at higher substrate concentration shown in Eq.2.18: 
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In the research of Neufeld et al. (1980), phenol and FA inhibition was studied 
on Nitrosomonas activity using Eq. 2.19. 
   NNI
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P SK
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(2.19) 
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Where,  is the specific growth rate (d−1), max the maximum specific growth 
rate (d−1), SP is the phenol concentration (mM), SN is the FA concentration 
(mM), KI,P and KI,N are the inhibitors concentrations (mg/L). 
 
Based on Monod function, a model developed by Luong (1987) shown in Eq. 
2.20 appeared to be useful for representing the kinetics of substrate 
inhibition. Though this function is generalized, a significant reproduction    
can be obtained using this function at both low and high concentrations. In 
this function, the maximum threshold substrate concentration SI was 
included. Above SI the reaction can be inhibited completely (Luong 1987). 
n
IS
S
SKs
S
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

 


1
max  (2.20) 
 
Where n is an empirical constant. 
 
A function was developed by Han and Levenspiel (1988) to express substrate 
degradation rate (v) shown Eq. 2.21. This function can involve a delay 
phenomenon, which is an exponential form and incorporates the critical 
product or substrate concentration corresponding to the inflection point on 
the growth (Han and Levenspiel, 1988; Okpokwasili and Nweke, 2005). 
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Where v is the specific substrate degradation rate (d−1), max is the maximum 
specific substrate degradation rate (d−1), SI is the critical inhibitor 
concentration (mg-S/L) above which the reactions stops, and m and n are the 
empirical constants. 
 
An inhibition equation was obtained by Strous (1999) shown in Eq.(2.22) in 
which a power factor n was included. 
SK
K
S
S
S
n
I
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
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



1
max  
(2.22) 
 
Where,  is the specific growth rate (d−1), max the maximum specific growth 
rate (d−1), S is the substrate for reactor (mM), KI is the inhibitor 
concentration (mg/L), n is curve shape factor. 
 
In present inhibition function applications, non-competitive Monod-type 
function that can be conversed from Haldane-type function was usually 
utilized shown in Eq. 2.23. The kinetics values of non-competitive 
Monod-type function were listed in Table 2.4 from literatures. 
II
I
S SK
K
SK
S

 max  (2.23) 
 
Where,  is the specific growth rate (d−1), max the maximum specific growth 
rate (d−1), S is the substrate for reactor (mM), KI is the inhibitor 
concentration (mg/L), n is curve shape factor. 
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Table 2. 4 The kinetics values of non-competitive Monod-type function from literatures. 
Reference 
Bacterial 
species 
max/max KS SI KI 
Gastens, 1981 
AOO max = 0.528  d-1 
10 
mg-N/L 
ammonia 
30 
mg-N/L 
Gee et al., 1990 
AOO max = 0.552  d-1 
0.7 
mg-N/L 
ammonia 
9000 
mg-N/L 
Gee et al., 1990 
NOO max = 0.432  d-1 
1 
mg-N/L 
nitrite 
173 
mg-N/L 
Sheintuch et 
al.,1995 
NOO max = 0.1272  d-1 
1.7 
mg-N/L 
nitrite 
197.8 
mg-N/L 
Henze et 
al.,2000 
NOO max = 0.8  d-1 
0.5 
mg-N/L 
ammonia 
5  
mg-N/L 
Jubany et al., 
2005 
NOO 
max = 0.456 
±0.0096 d-1 
12.6±0.5 
mg-N/L 
FNA 
0.45±0.01 
mg/L 
Jubany et al., 
2007 
AOO max = 1.21 d-1 
0.24 
mg-NH4/L 
FA 7 mg/L 
Jubany et al., 
2007 
AOO max = 1.21 d-1 
0.24 
mg-NH4/L 
FNA 0.55 mg/L 
Jubany et al., 
2007 
NOO max = 1.02 d-1 
0.0004 
mg-HNO2/L 
FA 0.95 mg/L 
Jubany et al., 
2007 
NOO max = 1.02 d-1 
0.0004 
mg-HNO2/L 
FNA 0.06 mg/L 
Jubany et al., 
2008 
NOO max = 1.02 d-1 
0.008 
mg-HNO2/L 
FA 0.95 mg/L 
Jubany et al., 
2009 
AOO max = 1.21 d-1 
0.34±0.06 
mg-NH3/L 
FA 93±14 mg/L 
Jubany et al., 
2009 
AOO max = 1.21 d-1 
0.34±0.06 
mg-NH3/L 
FNA 
0.55±0.14 
mg/L 
Kaelin et al., 
2009 
OHO 
max = 3 
 d-1 
0.8  
mg/L 
O2 0.2 mg-O2/L 
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Table 2.4 The kinetics values of non-competitive Monod-type function from literatures. 
(Continued) 
Reference 
Bacterial 
species 
max/max KS SI KI 
Park  S. &Bae 
W.,2009 
AOO 
(WWTP) 
max =1.1±0.15 
mg-N/mg-VSS.d 
51.3±11.27 
mg-N/L 
FA 
(pH=7) 
5.2±1.48 
mg/L 
Park  S. &Bae 
W.,2009 
AOO 
(SBR) 
max =0.9±0.108 
mg-N/mg-VSS.d 
37.2±8.34 
mg-N/L 
FA 
(pH=7) 
22.3±36.12 
mg/L 
Park  S. &Bae 
W.,2009 
AOO 
(SBNR) 
max =0.9±0.03 
mg-N/mg-VSS.d 
24.5±2.74 
mg-N/L 
FA 
(pH=7) 
27.3±2.82 
mg/L 
Park  S. &Bae 
W.,2009 
NOO 
(WWTP) 
max =0.3±0.08 
mg-N/mg-VSS.d 
7.8±4.88 
mg-N/L 
FNA 
(pH=7) 
0.09±0.04 
mg/L 
Park  S. &Bae 
W.,2009 
NOO 
(SBR) 
max =1.27±0.01 
mg-N/mg-VSS.d 
11.9±0.28 
mg-N/L 
FNA 
(pH=7) 
0.19±0.01 
mg/L 
Park  S. &Bae 
W.,2009 
NOO 
(SBNR) 
max =0.07±0.01 
mg-N/mg-VSS.d 
23.3±8.73 
mg-N/L 
FNA 
(pH=7) 
0.32±0.01 
mg/L 
Hellinga et al., 
1999 
AOO - 3.3 mM FNA 15 M 
Hellinga et al., 
1999 
NOO - 0.15 mM FNA 19 M 
Magri et al., 
2007 
AOO - 4.5 mM FA 3300 M 
Magri et al., 
2007 
AOO - 4.5 mM FNA 17 M 
Magri et al., 
2007 
NOO - 0.48 mM FA 1400 M 
Magri et al., 
2007 
NOO - 0.48 mM FNA 165 M 
Van Hulle et 
al. 2007 
AOO - 5.3 mM FNA 146 M 
Carvallo et al., 
2002 
AOO - 0.79 mM TAN 4500 M 
Carvallo et al., 
2002 
NOO - 0.29 mM TNN 25 M 
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2.3.2 Irreversible inhibition 
At present, most research works about inhibition focus on reversible 
inhibition on the growth stage. In ASM 1, a first-order type expression was 
utilized to describe the decay rate that was kept at a certain level under 
no-inhibition conditions. In ASM 3, inhibition functions were developed to 
express AOO (and NOO) decay in aerobic conditions as an oxygen dependent 
Monod-type function as shown as Eq. 2.24, AOO (and NOO) decay 
expressions in anoxic conditions as a product of an invert oxygen dependent 
Table 2.4 The kinetics values of non-competitive Monod-type function from literatures. 
(Continued) 
Reference 
Bacterial 
species 
max/max KS SI KI 
Carrera et al., 
2004 
NOO 
(SBS) 
max =0.56 
mg-N/L.min 
13 
mg-N/L 
ammonia 
384 
mg-N/L 
Carrera et al., 
2004 
NOO 
(IBS) 
max =0.19 
mg-N/L.min 
33  
mg-N/L 
ammonia 
1910 
mg-N/L 
Carrera et al., 
2004 
AOO 
(SBS) 
max =0.16 
mg-N/L.min 
1.6 
mg-N/L 
nitrite 
235 
mg-N/L 
Carrera et al., 
2004 
AOO 
(IBS) 
max =0.162 
mg-N/L.min 
4.1  
mg-N/L 
nitrite 
1407 
mg-N/L 
Boon & 
Laudelout, 1962 
NOO - 1.6 mM FNA 13.5 M 
Shafkat et 
al.,1987 
Nitrifier 
max =1.466 
mg/L.min 
2.349 
mg/L 
Trivalent 
arsenic 
273 
mg/L 
Shafkat et 
al.,1987 Nitrifier 
max =1.466 
mg/L.min 
2.349 
mg/L 
Hexavalen
t 
chromium 
56 
mg/L 
Shafkat et 
al.,1987 
Nitrifier 
max =1.466 
mg/L.min 
2.349 
mg/L 
Fluoride 
1185 
mg/L 
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Monod-type function and NOX concentration dependent Monod-type function 
is shown in Eq. 2.25. Based on the Monod-type function, some decay 
equations were developed. Some equations used to describe the decay process 
of NOO as an example in recently published papers on two-step nitrification 
were described in Table 2.5.  
22,
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Table 2. 5 Equations used to describe decay process of NOO in recently 
published papers on two-step nitrification. Symbols are as reported in the 
cited papers. 
Kinetics Reference 
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2.4 Nitrification inhibition by FNA and FA 
 
2.4.1 FA and FNA inhibition 
In the biological nitrogen removal process, FA and FNA produce a negative 
effect. In 1976, Anthonisen et al. found that FA can inhibit both AOO and 
NOO, the range of FA concentration that begins to inhibit AOO is 10 to 150 
mg/L, and the range of FA concentration that begins to inhibit NOO is 0.1 to 
1 mg/L. FNA rather than NO2- inhibits NOO. The inhibition of nitrifying 
organisms was initiated between 0.22 and 2.8 mg/L.  
 
According to Yarbrough et al. (1980), nitrite is inhibitory to a wide range of 
physiological types of bacteria. A non-competitive Monod-type kinetic 
expression was established to express nitrite inhibition by Wett & Rauch 
(2003), as well as a competitive Monod-type kinetic expression by van 
Loosdrecht et al. (1999) and Ni et al. (2008). Partial nitritation can be 
maintained if the activity of NOO is properly inhibited. In fact this is 
possible and has been verified in continuous operation (Zimmerman et al., 
2004). The inhibition of NOO is mainly due to the presence of high 
concentrations of nitrite in the bulk liquid that inactivates NOO due to its 
toxicity. In recent decades, inhibition has been extensively studied to 
evaluate the nitrite concentration effect on NOO’s reaction rate (Seung, 2002; 
Munz, 2011) whereas there is limited information about the response of 
growth and decay for NOO especially in a full-scale operation and at which 
stage the inhibition acts on. At present, a non-competitive and/or competitive 
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Monod-type expression seem to be applied to express the reduction of nitrite 
oxidation rate when NOO is exposed to nitrite (Dunn et al., 1985; Wett & 
Rauch, 2003; Manser et al., 2005; Ni et al., 2008; Jubany et al., 2009). Based 
on this phenomenon it is possible to deduce that NOO’s growth corresponds 
to the apparent reaction rate. However, nitrite may also accelerate decay. 
Some reports stated that NOO activity is temporary. Suthersan & 
Ganczarczyk and Turk & Mavinic (1989) reported that AOO or NOO has 
time endurance.  
 
 2.4.2 Physiological reason for FA and FNA toxicity 
The physiological reason of ammonia and nitrite toxicity had been 
researched by some studies. Most researchers considered that ammonia and 
nitrite toxicity are associated with energy generation and destroy bacterial 
membranes ((Fromm and Gillette, 1968; Anthonisen 1976; Russo, 1985; 
Parsonage 1985; Almeida 1995; Rebelo et al., 2000; Camargo and Alonso, 
2006). It is reported that nitrite affect energy generation and destroys it in a 
wide range of bacterial types. The possible poisoning mechanism is that 
ammonia and nitrite transport across the cell membranes and decrease 
intracellular pH. When intracellular pH was changed, for reducing the pH 
gradient the proton motive force needs to be generates. Thus, ATP synthesis 
can be affected. Since ATP is the only energy for maintaining the bacterial 
growth and protein synthesis including enzymes, when production ability of 
ATP becomes weak, the organisms function becomes weak or dies. An 
explain that the gill sodium pump (Na+-K+-ATP) activity was been affected 
37 
 
by NH4+ and NO2- also was documented (Pilar et al., 2002; Eddie, 2007). 
 
Additionally, NH4+ and NO2- increasing offspring mortality (Vorhees et al., 
1984) and mutagenicity (Luca et al., 1987) using vivo and vitro experiments 
was reported. The documented reason of nitrite toxicity is the effect on 
multiplication, especially the chromosome. When the concentration of NH4+ 
or NO2- is higher than a certain set value, the deformity ratio of chromosome 
increase obviously. The type of chromosome includes fracture, exchange, ring 
chromosome, polyploidy and so on by changing the purine bases, so that 
nitrite can inhibit synthesis of amino acids that are used for synthesizing 
enzymes that can repair the injury of DNA. 
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2.5 Other effect factors on nitrifiers activity 
 
Except FNA and FA, other main factors that affect nitrite accumulation in 
the nitrification process are pH, temperature, dissolved oxygen (DO). Some 
reports on nitrification in activated sludge processes typically included the 
remark that industrial wastewater may have inhibited nitrification if not 
fully then at least partially. Even though zinc, heavy metals, benzene, 
sulphide, quinone-like compounds, detergents, cyanide, azides and some 
organics are known to inhibit the nitrifier growth (Tomlinson et al, 1966; Hill 
et al., 1975; Hockenbury and Grady, 1977; Sharma & Ahlert, 1977; Rozich et 
al., 1985; Blum & Speece, 1991; Nowak et al., 1995; Kong et al., 1996; Anette 
et al., 1998, Mandoni et al., 1999; Carrera et al., 2004; Vadivelu et al., 2006; 
Chen et al., 2009Chérif et al., 2009; Breda et al., 2014; Achlesh et al., 2014; 
María et al., 2010 ).  
 
2.5.1 Temperature effect  
In the nitrification process, temperature is important and creates a 
sensitivity for nitrifiers’ growth rate. Although it was reported that 
nitrification has been shown to occur in wastewater temperature from 4 to 
45°C, normally, 35-42°C is used in experiments (U.S. EPA, 1993a). Upper 
temperature limits for stable optimum nitrification is about 30°C with 
decreasing rates of nitrification on either side of this optimum. Nitrification 
rates approach zero as temperatures of wastewater approach 45°C. The 
optimum temperature is 35°C for Nitrosomonas and 38 °C for Nitrobacter. In 
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1965, Knowles et al. reported an equation for KT, the half-saturation 
coefficient in nitrification process shown in Eq. 2.26. 
NK
N
T 
 max  
148.1051.010  TTK  
(2.26) 
 
The most commonly accepted relationship expression between maximum 
nitrifier growth rate and temperature (ranging from 5 to 30°C) is shown in 
Eq. 2.27. The relationship could be illustrated graphically in Fig 2.3.  
 
)15(098.0
max 47.0
 Te  (2.27) 
Where, : maximum specific growth rate of microorganism (g nitrifiers/g 
nitrifiers in system.d ), T: water temperature (C) 
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Figure 2. 3 The relationship between max and Temperature 
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2.5.2 DO effect 
Since nitrifiers including AOO and NOO are obligate aerobes. This means 
that their activity can be kept under aerobic/oxic conditions. Nitrifiers are 
significantly affected by DO concentration. In ASM, DO Monod-type 
functions act on both growth and decay stages as shown in Eq. 2.4, 2.5, 2.24, 
and 2.25. Some oxygen half saturation values were summarized in Table 2.6. 
Apparently DO can effect nitrifiers’ both growth rate and decay rate on a 
site-specific basis, depending on temperature, organic loading rate, SRT and 
diffusional limitations. Generally DO 2.0 mg/L has been considered to be a 
limitation boundary for nitrfiers’ growth, but the limitation value was vague. 
AOO and NOO have different boundary for DO effect. A simultaneous 
nitrification and denitrification via nitrite in 0.4 – 0.8 mg/L of DO were 
carried out by Guo et al. in 2009, while Rongsayamanont, et al. (2014) 
inhibited the activity of NOO and achieved high partial nitrification by 
entrapped cells at bulk DO of 2 mg/L.   
 
Table 2. 6 Some reported oxygen half-saturation values in nitrification process  
Organism KO, mg-O2/L Reference 
AOO 
0.3 Loveless and Painter, 1968 
0.25 Peeters et al., 1969 
0.50 Laudelout et al. 1974 
1.0 IWAPRC, 1986 
0.4 Hezen et al.,2000 
NOO 
1.84 Peeters et al., 1969 
0.72 Laudelout et al. 1976 
1.0 IWAPRC, 1986 
0.4 Hezen et al.,2000 
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2.5.3 pH effect 
In biological process, undoubtly pH is a very important factor not only for 
bacterial activity but also bacterial survival. In nitrification process, a 
neutral to slight alkaline pH is suggested. When pH deviated the proper 
value, bacterial activity was inhibited with respect to the maximum specific 
growth rate. Hall (1974) reported complete nitrification could be achieved 
between 7.0 and 9.4. Conversably when pH is below 6.3 nitrification process 
cannot be conducted. A pH switching inhibition function was suggested in Eq. 
2.28.  
2
3exp 








LLUL
UL
pHpH
pHpH
I , if pH  pHUL 
I = 1, if pH  pHUL 
(2.28) 
 
Where, I: pH inhibition function (0<I1) 
pH: pH in system (-) 
pHUL: limited value of pH inhibition occurs (-) 
pHLL: the pH value of keeping 5% maximum reaction rate (-)  
 
In nitrification processes, since NH4+ and NO2- in substrates are toxic to 
nitrifiers in high concentrations in the form of FA and FNA, the effects of pH 
contributed significantly to FA and FNA concentrations (Makinia,2010). 
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2.6 Nitrifiers species and kinetics values 
change with SRT  
 
The Solids Retention Time (SRT) is the average time the activated-sludge 
solids are in the system. The SRT is an important design and operating 
parameter for the activated-sludge process because in biological N-removal 
process, SRT can effect N-removal rate, COD concentration in reactor, 
oxygen requirement, N concentrations, reaction rate and bacterial species.  
A lot of researches have shown that the relationship between SRT and 
bacterial kinetics. One instance is the effect on maximum growth rate. Fig 
2.5 shows some results between SRT and NOO maximum specific growth 
rate from different researchers. 
 
Figure 2. 4 Some results of NOO maximum growth rate as a function of SRT 
from different researchers. 
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A very clear relationship map cannot be obtained strictly form the previously 
obtained research data, however NOO maximum specific growth rate at low 
SRT is relatively high from the Fig. 2.4 One of the supposed reasons of 
different values under different SRT was that bacterial species composition 
changed with SRT operation.    
 
This is because each species of bacteria has a maximum growth rate (μmax) 
that is decided by bacterial characteristic itself. In the reactor, when SRT 
was maintained longer than maximum growth rate of a certain species of 
bacteria, bacteria can be kept in reactor, unless, it could be washed out of 
reactor if the operation time was long enough.   
 
In different periods (2010. Mar., 2011. Dec., and 2012.Oct.) of NOO training 
experiment, short-time batch tests (each test took 15 minutes) using NO2- or 
NO2- and NH4+ as substrates were operated for kinetics check. The N 
molecule ratio of nitrite and ammonia was kept at 1. Non-competitive 
Monod-type was utilized to simulate the pilots obtained from batch tests 
shown in Fig. 2.5. The kinetics values were shown in Table 2.7. From the 
change of kinetics values, it can be summarized that bacterial kinetics 
change in operation period probably due to change of bacterial species.  
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Table 2. 7 Kinetics values from three times batch tests in different periods  
No. Date 
KS KI-FNA KI-FA 
mg-NO2-N/L mg-FNA/L mg-FA/L 
1 2010.03 6 0.018 - 
2 2011.12 35 0.022 26.55 
3 2012.10 3 0.050 62.32 
 
Since NOO is a mix species as was mentioned in Chapter 2. Nitrobacter spp. 
and Nitrospira spp. are common species in wastewater sludge. According to 
the research of Huang et al. (2010), comparing to Nitrobacter,  Nitrospira 
was dominant being better adapted to the low DO and shorter sludge 
retention times (SRT). To investigate kinetics values of NOO under 
inhibition conditions containing reversible and irreversible inhibition, NOO 
under 2 or 3 kinds of SRT (40-day, 20-day and 10-day) would be operated for 
a stable situation where batch test and bacterial species will be operated and 
analyzed in future researches.  
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3. Nitrite oxidising organism 
exogenous decay verification 
using live/dead staining under 
high nitrite concentration 
 
3.1 Objective 
 
Biological reactions may be inhibited by high concentration of substrate, 
reaction products, environmental variables (pH and temperature) or other 
external inhibitory compounds that were mentioned and discussed in 
chapter 2. Inhibition of biological reactions can cause reduced enzyme 
activity leading to sudden process failure and/or shift/selection of bacterial 
population. The inhibitory compounds may affect the enzymatic system 
leading to different forms of competitive, non-competitive or uncompetitive 
reversible enzyme inhibition. In present inhibition research, the reversible 
inhibition was focused on and developed well. Some functions mentioned in 
chapter 2 were also developed to express this kind of inhibition. In other 
situations, the concentration or nature of the inhibitory compound could be 
such as to result in toxicity leading to irreversible inhibition. Batstone et al. 
(2002) redefined toxicity and inhibition (Speece, 1996) as biocidal and 
biostatic inhibition respectively where inhibitory compounds and/or factors 
could act on the growth stage as biostatic inhibition whilst exogenous decay 
resulting in microbial death due to biocidal inhibition (poisoning).  
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Nitrification is a very important step in the biological nitrogen removal 
process, where NH4+ is oxidised to NO2- by AOO and NO2- to NO3- by NOO. In 
this process, NH4+ and NO2- exist as substrates and productions where 
functions were shown in Eq. 2.2 and 2.3. According to the research of 
Yarbrough et al. (1980), nitrite is inhibitory to a wide range of physiological 
bacterial types. Anthonisen et al. (1976) summarised the NH4+ and NO2-  
inhibition on nitrifying bacteria and pointed out free ammonia (FA) and free 
nitrous acid (FNA) were dominant inhibitors rather than NH4+ and NO2-. A 
competitive or non-competitive Monod-type kinetic expression was modelled 
to express such reversible inhibition (Wett & Rauch, 2003; Loosdrecht et al., 
1999 ). On the other hand, an irreversible inhibition was also mentioned in 
some researches (Mason et al., 1986; van Loosdrecht & Henze, 1999; Manser 
et al., 2006; Hao et al., 2009 ). 
 
In this study, as a continuation to clarify the biocidal effect on NOO, the 
death caused by FNA was monitored using a staining reagent to distinguish 
the living cells from the biomass. The cell numbers were counted in a set of 
batch tests where different FNA concentrations were kept. Based on the 
change (increment or decrement) the biocidal kinetics were estimated and 
compared with the OUR responses. 
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3.2 Materials and Methods 
 
3.2.1 Enrichment of NOO sludge 
Nitrifying activated sludge was collected from a domestic wastewater 
treatment plant using an MBR process with 100-day sludge retention time 
(SRT) and intermittent aeration (Kitakyushu, Japan). NOO in the sludge 
was enriched at 50-day SRT in a 5-L reactor with synthetic wastewater 
containing NaNO2 (500 mg-N/L), NH4Cl (1.0 mg-N/L), KH2PO4 (0.13 mg-P/L) 
and Na2HPO4 (1.67 mg-P/L). The pH, temperature and DO in the reactor 
were controlled at 7.3, 35 ±0.5 C and more than 5 mg-O2/L respectively. 
After 240 days of the operation, the enriched NOO sludge was used for the 
batch tests. Nitrite and nitrate concentrations were measured using ion 
chromatography (ICS-1000, Dionex, USA). The standards of nitrite and 
nitrate was supplied by three kinds of concentrations of 1, 5, 10 mg-N/L. 1.5 
mM KOH was supplied as eluent solution, the retention time was kept at 15 
minutes for one sample analysis.  Ammonium nitrogen and sludge COD 
were analysed according to Standard Methods (APHA, 1995). 
 
According to a mathematical model modified from Activated Sludge Model 
(Henze et al., 2000), the dominant microorganisms in the enriched sludge 
was estimated to be NOO (60%) whereas small amount of ammonium 
oxidising microorganisms (AOO,5%), ordinary heterotrophic microorganisms 
(OHO, 5%) and inert particulates (30%) were also present, which were 
generated as a cryptic growth from the decayed NOO biomass. The structure 
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of the mathematical model is discussed in later section. 
 
3.2.2 Inhibition test 
NOO sludge was taken from the reactor and centrifugally washed with 
deionised water 3 times to make sure no nitrite was present in the liquid. 
The sludge (SS = 142.5 mg/L, VSS = 57.5 mg/L and COD = 134 mg-COD/L) 
was put into 4 units of 250 mL flask equipped with an aerator and its OUR, 
cell counting were measured for 200 hours. Using a computer-programmed 
syringe pump (SP-2PC, As One, Japan), the bulk NaNO2 concentrations was 
maintained at about 0, 50, 500 and 2,000 mg-N/L (0, 0.029, 0.288, 1.152 
mg-N-FNA/L) respectively, the measured nitrite concentrations during 
experimental operation were show in A-D of Fig. 3.1. The pH, DO and the 
temperature during these experiments were kept at 7.0±0.1, 5.0±0.5 
mg-O2/L and 35±0.1 C respectively. 
 
For the OUR measurement 100 mL of NOO sludge was taken from the flasks 
and placed in a Winkler-bottle. Pure oxygen gas was injected to set DO 
concentration beyond 20 mg-O2/L. After leaving the sludge for 15 minutes, 
the DO concentration in the Winkler-bottle was monitored at one-minute 
intervals with a DO meter (TOX-999B, Toko, Japan). Based on the slope of 
DO versus time, the OUR in the individual tests was determined. 
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Figure 3. 1 Nitrite concentrations change during experimental operation 
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3.2.3 Bacteria staining 
To distinguish living and dead bacteria from the sludge, LIVE/DEADⓇ 
BacLightTM bacterial viability kit (L-7012, Molecular Probes, USA) was used. 
The kit consisted of green fluorescent nucleic acid stain (SYTOⓇ 9) and 
red-fluorescent nucleic acid stain (Propidium Iodide (PI)). In principle the 
SYTOⓇ 9 (green fluorochrome) could penetrate into cells from their intact 
cell membrane (‘living cell’) because of small molecule whilst larger molecule 
PI (red fluorochrome) only penetrated damaged membrane (‘dead cell’). 
When SYTOⓇ 9 only was used, all bacterial cells were stained green. On the 
other hand, when both stains were used, PI penetrated into the ‘dead’ cell 
reduced the fluorescence from the SYTOⓇ 9 resulting in cells labelled in red. 
In this way, the living cells (green) and the dead cells (red) could be 
individually counted (Hao et al., 2009). 
 
  
 A: No treatment by ultrasonic wave  B: Treatment by ultrasonic wave 
Figure 3. 2 Comparison of before and after treatment by ultrasonic wave 
 
For the preparation of staining experiments, 5 mL NOO sludge was taken 
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from the flasks and centrifugally washed 3 times for 3 minutes at 10,000rpm 
with 0.85% NaCl solution, then dispersed by ultrasonic wave (UD-200, 
TOMY, Japan). Since the presence of cell clusters in the sludge sample 
hindered the accuracy of the cell counting in microscopy, prior to the 
monitoring a preliminary experiment to optimise the degree of 
ultrasonication was conducted, the comparison of before and after treatment 
by ultrasonication was shown in Fig. 3.2. As shown in Fig. 3.3, it appeared 
that 30-45 seconds of ultrasonication showed the highest ratio of living 
bacteria to the total visualised cells with reasonable confidence interval. 
When no ultrasonication or longer treatment were performed, both 
experiments showed lower ratios which were attributed to poor cluster 
dispersion and considerable cell disruption respectively.  
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Figure 3. 3 Ratio of living bacteria to the total counted cells under different 
ultrasonication. 
 
In addition when loading too much power input (more than level 3), the 
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countable cells decreased accordingly (data not shown). Based on the results, 
45-second ultrasonication at level 3 was applied to the pre-treatment. 
 
The dispersed sludge samples (977 L in each testing) were transferred into 
1 mL plastic tubes together with 1.5 L of SYTOⓇ 9 and 1.5 L of PI, and 
incubated in the dark for 15 minutes at room temperature. Then, glass slides 
with stained sludge samples (10 L on each slide) were prepared to observe 
and photograph with a fluorescence microscope (Nikon ECLIPSE 80i, Japan; 
Nikon DS-Fi2, Japan) using fluorescence filters of GFP-B (excitation at 
460–500 nm and emission at LP515 nm for green fluorescence) and CY3 
(excitation at 545±30 nm and emission at LP590 nm for red fluorescence) 
respectively (Lopez et al., 2005; Hao et al., 2009). The stained cell areas 
(m2) were visualised and measured with a binarised image analysing 
software (Quick Grain, Inotech Inc., Japan). 
 
To calculate the average area for all population based on measured data and 
control the error to within a suitable range, the average area for all 
populations was calculated by Eq. 3.1, in which x  is the average for all 
samples, xi is the value of sample No. i, U is sample standard deviation, and 
 1 1nF  is the value under (1-) confidence interval that can be obtained from 
appendix of statistics book.  
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Figure 3. 4 Living bacterial ratio calculation under different sample numbers and 
confidence intervals. 
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In this experiment, 5, 10, 20, 30, 40, 60 and 90 sets of samples under 99%, 
97.5%, and 95% confidence interval were calculated for a proper sample 
number shown in Fig. 3.4. Using 30 photo images per sludge sample, the 
areas were averaged and its 95%-confidence interval was statistically 
determined finally due to acceptable error bar (below 3%) and sample 
number. As the dominant microorganisms in the sample was supposed to be 
NOO, it was assumed that the visualised area corresponded to NOO 
biomass. 
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3.3 Results  
 
3.3.1 Exogenous decay by FNA poisoning 
When nitrite at 0, 50, 500, 2,000 mg-N/L were present in the cultivation 
vessels, two distinct NOO responses were observed as shown in Fig. 3.5. At 
50 mg-N/L of nitrite the living NOO biomass increased exponentially at 
specific growth rate of 0.26 d-1, whilst it decreased along with time where 
more than 500 mg-N/L or no nitrite as present. Comparing to the ordinary 
decay under without nitrite (specific decay rate, bNOO = 0.072 d-1), the 
decrease of the biomass at 500 mg-N/L was remarkably quick (0.24 d-1). The 
high decay was accelerated when higher nitrite was dosed (0.62 d-1), 
indicating an exogenous decay took place due to poisoning by high FNA. 
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Figure 3. 5 Change of NOO stained in green (living cells with intact cell membrane) 
along with time 
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Figure 3. 6 Decay versus nitrite concentration 
 
The specific decay rates at 0, 500, 2,000 mg-N/L were plotted against the 
nitrite concentration in the cultivation vessel as shown in Fig. 3.6. As the 
total specific decay (btot) was considered to be the consequence of the 
ordinary endogenous decay (bNOO) and biocidal inhibition (bNOO,i, exogenous 
decay), the impact of bNOO,i was extracted to Eq.(3.2). The set of inhibition 
kinetics in the equation (KI and n) were used to draw the curve in Fig. 3.6. 
Due to limited datasets with three plots only, in this study it was assumed 
that the biocidal inhibition substantially appeared at a threshold level 
somewhere below 500 mg-N/L of nitrite. 
 
n
FNA
n
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n
FNA
iNOONOOiNOONOOtot
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bbbbb

 max,,  Eq.(3.2) 
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Where, btot: total specific decay rate (d-1), bNOO: endogenous specific decay 
rate (d-1), bNOO,i: exogenous specific decay rate from FNA (d-1) KI: inhibition 
coefficient (mg-N-FNA/L), n: inhibition coefficient (-), SFNA: FNA 
concentration (mg-N-FNA/L). 
 
3.3.2 Cellular disintegration 
The high nitrite concentration also accelerated the decomposition of ‘dead 
cells’. Contrary to initial expectation, the NOO biomass stained in red (dead 
cells) decreased along with time under 500 mg-N/L and 2,000 mg-N/L 
respectively, which almost corresponded to the decrease of living NOO 
biomass, as shown in Fig. 3.7. The causative reason of the decrease was not 
clear at present but it could be explained that the penetrated high nitrite 
into the cells interfered the stain with the reagents and/or resulting in 
decrease of the fluorescence. Since the specific reaction rates to reduce the 
fluorescence were almost comparable to the bNOO,i at the given nitrite 
concentration, the poisoning might be attributed to reactions inside the cell 
as well as cell membrane. 
 
Based on the results, the total stained area could be expressed with an 
exponential curve depending on the nitrite concentration as shown in Fig. 
3.8, and the decay phenomena was thought to proceed in following two steps; 
Step (1):  Death of the living microorganisms (stained in green  red) 
Step (2):  Disintegration of the dead microorganisms (stained in red  
loss of fluorescence, deformation of nucleic acids) 
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In step (1), the biomass could be assumed to retain almost its original 
structure apart from the degree of damage in cell membrane. On the other 
hand, since the biological activity was lost after the microbial death, the two 
kinds of particulates (living and dead biomass) should be classified into 
XNOO_Living and XNOO_Dead respectively. Next, as step (2) was considered to be a 
phase where the dead biomass lost its cellular structure, step (2) would 
produce compounds defined as slowly hydrolysable compounds (XCB) and 
biological unbiodegradable particulate (XU) respectively with a fixed 
stoichiometry, which was considered from Activated Sludge Model no.1 
(Henze et al., 2000). The XCB would be the substrate for the ordinary 
heterotrophic biomass in their cryptic growth. 
 
Figure 3. 7 Change of NOO stained in red (dead cells with damaged cell 
membrane) along with time 
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Figure 3. 8 Change of total NOO stained along with time 
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3.4 Discussion 
 
3.4.1 Modelling growth/death of NOO in open culture 
As the NOO enriched sludge was incubated in the open culture system, both 
OHO and AOO were supposed to grow from the decayed biomass. To express 
the entire reaction in the system, a Gujer matrix was made as shown in 
Table 3.1. For NOO, 4 kinds of unit reactions were listed (r1: growth, r2: 
ordinary endogenous decay, r3: exogenous decay by poisoning and r4: 
disintegration of the dead NOO biomass). When r4 took place, one unit of 
XNOO_dead was produced with 1-fU unit of XCB and fU unit of XU respectively. 
During the reaction the nitrogenous fraction (iN) in the biomass was partly 
changed to the biodegradable one as XNOO,N. After the hydrolysis of XCB by 
OHO at r5, substrate of SB for OHO was uptaken at r6. OHO might be killed 
by high nitrite in the experiments but it was not included in the table for 
simplification. To harmonise the disintegration phenomena in the model, the 
disintegration of decayed OHO was also defined in r7 and r8. The organic 
nitrogen from the decay (XNOO,N) was assumed to be a source of soluble 
degradable nitrogen (SB,N) at r9 and was converted to ammonia/ammonium 
(SNHx) at r10, which were the same concept as ASM1. Based on the produced 
SNHx, AOO grew at r11 and eventually decayed at r12 and disintegrated at 
r1. 
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Table 3. 1 The Gujer Matrix for growth, decay and poisoning of the NOO enriched sludge 
r component 
SNO2 SNO3 SO2 XNOO_Living XNOO_Dead XCB XU SB XOHO_Living XOHO_Dead XB,N SB,N SNHx XAOO_Living XAOO_Dead 
process 
1 
NOO growth 1/YNOO +1/ YNOO 
NOO
NOO
Y
Y

14.1
 
+1         IN,Bio   
2 
NOO ordinary 
decay (death)    1 +1           
3 
NOO poisoning (by 
FNA)    1 +1           
4 NOO disintegration     1 1fU fU    IN,BiofU,N     
5 
Hydrolysis of 
organics by OHO      1  +1        
6 OHO growth   
OHO
OHO
Y
Y

1
 
    1/YOHO +1    IN,Bio   
7 
OHO ordinary 
decay         1 +1      
8 
OHO 
disintergration      1fU fU   1 IN,BiofU,N     
9 
Hydrolysis of 
organic nitrogen           1 +1    
10 Ammonification            1 +1   
11 
AOO growth +1/YAOO  
AOO
AOO
Y
Y

42.3
 
         
1/YAOO 
+IN,Bio 
+1  
12 AOO ordinary decay              1 +1 
13 AOO disintegration      1fU fU    IN,BiofU,N    1 
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3.4.2 Simulation of OUR and VSS 
Based on the above developed model, the changes of OUR and VSS 
concentration in the set of experiments were simulated in Fig. 3.9 using a 
process simulator GPS-X ver.6.3 (Hydromantis software Inc., Canada). Apart 
from the decay kinetics identified in the previous graphs, the stoichiometric 
parameters for growth and VSS/COD conversion factor were referred from 
literatures as listed in Fig. 3.6. The model could produce both OUR and VSS 
plots reasonably shown in Fig. 3.6. The simulation without addition of nitrite 
provided very low OUR with a gradual decrease of VSS concentration along 
with time, whilst there was an increase of OUR and VSS concentration at 50 
mg-N/L. The model successfully demonstrated the substantial reductions of 
OUR and gradual decreases of VSS due to more decay at 500 mg-N/L and 
2,000 mg-N/L respectively. The shape of the curves and the plots matched 
reasonably for both OUR and VSS. 
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 A: Nitrite Concentration = 0 mg-N/L  B: Nitrite Concentration = 50 mg-N/L 
Figure 3. 9 Counted OUR and VSS and simulation results. 
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 C: Nitrite Concentration = 500 mg-N/L  D: Nitrite Concentration = 2000 mg-N/L 
Figure 3. 9 Counted OUR and VSS and simulation results (continued). 
 
The experiment and the model provided an alternative concept that 
poisoning by high nitrite (FNA) reduced the nitrification from nitrite to 
nitrate. Until now most of the inhibition events have been interpreted as the 
consequence of competitive and/or non-competitive inhibition of nitrifiers. In 
such traditional understanding, it has been presumed that the active 
nitrifying biomass would retain in the system unless washout from the 
system, and the nitrification performance was expected to recover when the 
inhibitory concentration was reduced to an acceptable level. On the other 
hand this study suggested that the activity might be lost due to the 
disappearance of NOO biomass itself. To validate this expectation, a 
continuous experiment to feed high nitrite ammonia is an interesting option, 
which will be described in chapter 5. 
 
65 
 
Table 3. 2Kinetic and stoichiometric parameters for biological nitrite oxidation 
Symbol Value Item Unit 
NOO parameters 
Y 0.03 Yield of NOO g-COD/g-N-nitrite (Ostace et al., 
2011) 
fU 0.20 Production of particulate inert g-COD/g-COD (Henze et al., 
2000) 
μmax 0.26 Maximum specific growth rate d-1 (at 35 C) 
KS 35.0 Half-saturation coefficient on 
growth 
mg-N-nitrite/L 
bNOO 0.072 Specific ordinary decay rate d-1 (at 35 C) 
bNOO,dis 0.0048 Specific disintegration rate d-1 (at 35 C) 
bNOO,Inh max 0.552 Specific maximum poisoning rate 
by FNA 
d-1 (at 35 C) 
KI 0.317 Half saturation coefficient on 
poisoning by FNA 
mg-N-FNA/L 
n, FNA, decay 10.0 Power coefficient on poisoning by 
FNA 
 
bNOO,dis max 0.528 Specific maximum disintegration 
rate by FNA 
d-1 (at 35 C) 
KIc  0.317 Half saturation coefficient on 
disintegration by FNA 
mg-N-FNA/L 
n, FNA, c 10.0 Power coefficient on disintegration 
by FNA  
 
AOO parameters 
Y 0.208 Yield of AOO g-COD/g-N-nitrite (Henze et al., 
2000) 
fU 0.08 Production of particulate inert g-COD/g-COD (Henze et al., 
2000) 
μmax 6.0 Maximum specific growth rate d-1 (at 35 C) (Henze et al., 2000) 
KS 6.0 Half-saturation coefficient on 
growth 
mg-N-nitrite/L(Henze et al., 
2000) 
bAOO 0.04 Specific ordinary decay rate d-1 (at 35 C) (Henze et al., 2000) 
bAOO,dis 0.04 Specific disintegration rate d-1 (at 35 C) (Henze et al., 2000) 
OHO parameters 
Y 0.666 Yield of OHO g-COD/g-N-nitrite (Henze et al., 
2000) 
fU 0.08 Production of particulate inert g-COD/g-COD (Henze et al., 
2000) 
μmax 6.0 Maximum specific growth rate d-1 (at 35 C) (Henze et al., 2000) 
KS 0.5 Half-saturation coefficient on 
growth 
mg-N-nitrate/L(Henze et al., 
2000) 
bOHO 0.062 Specific ordinary decay rate d-1 (at 35 C) (Henze et al., 2000) 
bOHO,dis 0.062 Specific disintegration rate d-1 (at 35 C) (Henze et al., 2000) 
Hydrolysis process 
rHyd 3.0 Maximum specific hydrolysis rate  d-1 (at 35 C) (Henze et al., 2000) 
KHyd 0.03 Slowly biodegradable substrate 
half saturation coefficient 
g-COD/g-COD(Henze et al., 2000) 
Ammonification process 
rAMM 0.08 Ammonification rate m3/g-COD/d (Henze et al., 2000) 
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3.5 Conclusions 
 
Exogenous decay of nitrifying sludge under high nitrite concentration was 
studied using live/dead staining where the exogenous decay by high FNA 
resulting bacterial death was observed depending on FNA concentration. 
The following results were obtained in this study. 
 
 The poisoning phenomena were visualised using live/dead staining under 
high nitrite concentration, and modelled applying inhibitory thresholds 
on the newly defined decay processes.  
 
 The disintegration of the decayed biomass was accelerated when high 
nitrite was present. The decrease/increase of OUR activity and VSS 
concentration in the batch condition were also modelled. 
 
 
 The model presented in this study was to express the loss of active NOO 
biomass due to poisoning, which was a distinct interpretation against the 
conventional models using competitive/non-competitive inhibition on 
growth stage. Therefore the study could be a critical platform to improve 
the understanding of microbial inhibition phenomena. 
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4. Nitrite oxidising organism 
reversible and irreversible 
inhibition by FNA and FA 
 
4.1 Background 
 
Biological nitrification-denitrification is commonly used to remove nitrogen 
from wastewater. In a typical nitrification-denitrification process, the 
ammonia (NH4+-N) is oxidised to nitrate (NO3--N) and then denitrified to 
dinitrogen gas (N2). To reduce the treatment cost for high strength ammonia 
wastewaters, alternative process configurations based on denitrification of 
nitrite (NO2--N), an intermediate in nitrification, were evaluated (Joss et al. 
2011). In operational regimes of these alternative process configurations, 
nitrite oxidisers are adequately inhibited to prevent oxidation of NO2-N to 
NO3-N. For the successful design and operation of these processes, it is 
important to understand the nature and mechanism of reaction inhibition in 
these systems. 
 
Biocidal and biostatic inhibition were redefined by Batstone et al. (2002) to 
express inhibition in biological reactions. Biostatic inhibition that is a 
reversible inhibition acting on growth stage was discussed in chapter 2. This 
kind of inhibition was described by competitive, non-competitive or 
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uncompetitive functions. Biocidal inhibition that is an irreversible inhibition 
acting on decay stage was verified in chapter 3. It was revealed by NOO 
Live/dead staining under high nitrite concentrations. The classification of 
biocidal and biostatic inhibition was considered to be important for 
modelling. The reversible biostatic inhibition influences the kinetic uptake 
and growth and therefore requires modified growth expressions that include 
inhibition terms. The irreversible biocidal inhibition influences the biomass 
decay rate and thus can be modelled by modifying the expressions for the 
decay rate. Based on this understanding the model for expressing the 
biostatic inhibition on the growth process could be expressed as shown in Eq. 
4.1. With this expression the growth rate could reversibly change depending 
on the concentration of inhibitory compounds (0  I  1). 
 
Specific Growth Rate 
















k
j
j
S
kj
S
I
SK
S
IIII
SK
S
1
max21max   (4.1) 
 
The inhibition term Ij in Eq.(4.1) represents an inhibition function that 
varies between zero and one depending on the concentration of the 
inhibitory compound (SI,j). Different types of reversible inhibitions models 
describing the inhibition term have been proposed based on the effect of 
inhibitory compound on the enzyme and enzyme-substrate complex (Andrew, 
1968; Volskay et al., 1988 and Neufeld et al., 1980). The typical function for 
the inhibition term used in Activated Sludge Models (ASMs) and Anaerobic 
Digestion Model No.1 (ADM1) (Henze et al., 2000; Batstone et al. 2002) is 
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representative of a non-competitive form of reversible inhibition. Some 
examples of the application of this function are the inhibition of DO on the 
denitrification process and ammonia inhibition in methanogenesis. 
 
Another aspect of reversible inhibition as indicated by Speece (1996) relates 
to bacterial recovery from inhibition due to a rapid response of the enzymatic 
system (quick recovery) or a slow adaptation due to gradual proliferation of 
different microbial consortia having different kinetics (slow recovery). The 
current models for reversible inhibition do not account for bacterial recovery 
nor adaptation after a shock load. The actual physiological changes leading 
to bacterial recovery from the inhibition are probably quite complex and 
difficult to model. However, considering that the recovery process most likely 
involves the enzymatic adjustment in the system, both the quick and slow 
recovery processes could be associated to the growth process modelling 
purposes. Therefore, the inhibition term Ij shall include an appropriate term 
to account for the quick and slow recovery phenomenon. 
 
For the biocidal irreversible inhibition affecting the decay process, contrary 
to the functional forms for reversible inhibitions, there is very limited 
information on the functional forms of inhibition terms in the specific decay 
rate described in the equation. Nevertheless based on mathematical insight, 
as the process is resultant from a stochastic irreversible inactivation of 
microorganisms that happens over the population in the system, the 
inhibition of the decay process may be expressed as in Eq.(4.2), where factors 
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affecting the inactivation (kj·Ij) are lineally added to the conventional 
first-order decay kinetic coefficient (bD), which is also the probability of 
microbial inactivation. It is pronounced that there is very limited 
information on the functional forms of inhibition terms, however. 
Specific Decay Rate 


k
j
jjDkkjjDtot IkbIkIkIkIkbb
1
2211  (4.2) 
 
In formulating the above understanding, the reversible and irreversible 
inhibitions are associated to growth and decay processes respectively. This 
formulation appears to be logical and is expected to model most of the 
microbial responses. However, the primary problem in the application of this 
model is to properly distinguish the impact of each inhibitory compound on 
both the reversible and irreversible inhibition. For instance nitrite oxidizing 
organism (NOO) are inhibited by high substrate concentrations of both free 
nitrous acid (FNA) and free ammonia (FA) (Anthoniesen et al., 1976 and 
Jubany et al., 2009). Jubany et al. (2005) proposed a NOO growth model by 
only using a competitive FNA inhibition term in the growth process. They 
measured and reproduced NOO’s oxygen uptake rate (OUR) profile from 
short term (0.5-1 day) batch tests for initial nitrite concentrations in 
500-1,600 mg-N/L range. On the other hand Liu et al. (2011) highlighted that 
very high nitrite concentrations (1,000-2,000 mg-N/L) gave a remarkable 
poisoning effect and the long-term OUR response over 10 days could not be 
expressed by the conventional reversible inhibition functions due to 
consistent loss of NOO’s activity. Accordingly they concluded that the decay 
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process accelerated by high nitrite (irreversible inhibition) should be taken 
into consideration for modelling. The observed discrepancy between the two 
studies was probably due to the differences in the initial nitrite 
concentration and the length of the batch experimental periods. 
 
This study was undertaken to clarify the reversible and irreversible 
inhibition behaviour of FNA and FA on NOO using experimental data from 
batch tests. At first, a theoretical framework outlining the relevant switching 
functions to express the reversible inhibition with adaptation and 
irreversible inhibition from the shock loading was developed. Next a set of 
traditional short-term batch tests was carried out according to Jubany et al. 
(2005) to obtain inhibition kinetics on the growth process. The inhibition 
model developed from the short-term batch experiments was critically 
evaluated by applying it to data from a set of subsequent long-term batch 
tests. The model was also used to predict marginal ranges of FNA and FA 
concentration for complete NOO washout. The estimated inhibition ranges 
were compared with the values proposed by Anthoniesen et al. (1976). 
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4.2 Theoretical development 
 
4.2.1 Structure of global switching function 
Considering the fact that a hyperbolic formula has been widely applied to 
most biological switching functions, for simplification it was decided to retain 
its structure with minimum modifications for a global switching function as 
shown in (4.3). Here, unlike the conventional Monod-type equation that fixes 
n at 1, the global switching function f provided a Sigmoid-curve having a 
flexible mathematical property which enabled its curvature to change by 
manipulating the power coefficient n. As illustrated in Fig. 4.1, when n >1, 
the increment of f was correspondingly strengthened around A. In this way 
the response of recovery from inhibition, the threshold of irreversible 
poisoning and the conventional growth switching function were expressed on 
the mutual platform. 
nn
n
CA
C
f


 
 (4.3) 
 
f
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n = 1
n = 3
n = 5
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0
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0
0.5
1
1
-ff 1
-f
 
Figure 4. 1 Shape of global switching function f and dependency on the 
coefficient n. 
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4.2.2 Model for reversible inhibition with recovery 
The functional form of the recovery factor was considered to be such that it 
lead to inhibition condition on initial exposure while slowly eliminating the 
inhibition leading to recovery. The expression used to describe the reversible 
inhibition with recovery, Ij is as shown in Eq. (4.4) based on (4.3). The model 
was representative of the non-competitive inhibition by the substance Sj with 
a time varying value at a sub-function fj (recovery factor). Since the process 
of recovery should signify an increased tolerance to inhibitory compound, the 
use of a time dependent variable (KT,j  time) was thought to be the correct 
representative of the recovery process. 
 
The implication of using this recovery function was that at t = 0 then fj = 1, 
hence the original inhibition is not affected by the recovery. As the exposure 
to the inhibitory compound increased, the value of fj decreased leading to 
non-inhibition on Ij after a certain period of time. In case of high Sj 
concentration, the time in which fj reaching to zero was delayed, showing a 
need of more time until recovery. On the other hand, in the case where an 
inhibitory compound having high KT was dosed, the time in which fj reaching 
to zero was reduced, showing less time until recovery. It was pronounced that 
the dimension of KT was a rate (mg/L/d) and therefore the value could be 
directly used as an index of recovery from the biostatic impact. 
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4.2.3 Model for irreversible inhibition 
The irreversible inhibition due to an inhibitory compound in Eq.(4.2) was also 
modelled using the global switching function of  (4.3). Based on this,  (4.5) 
was formulated and the irreversible inhibition factors were estimated. The 
applied sigmoid equation allowed irreversible inhibition to be initiated when 
the concentration of the inhibitory compound exceeded a threshold level 
(around the concentration at KI,j). By manipulating the value of n, the 
steepness of the sigmoid curve between the bounded values of 0 and 1 could 
be controlled. 
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4.3 Materials and Methods 
 
4.3.1 Short-term OUR measurement procedure 
NOO was trained using the same procedures as the ones described in 3.2.1 of 
chapter 3. 100 mL of NOO sludge was taken from the SBR after verifying no 
nitrite was present in the bulk liquid. The sludge was then put in a 
BOD-bottle and pure oxygen gas was injected to set DO concentration 
beyond 20 mg-O2/L. The initial concentration of NaNO2 was varied from 50 
to 1,200 mg-N/L. The pH and the temperature during these experiments 
were kept same as that in the SBR. After exposing the sludge to the nitrite 
for 15 minutes, the DO concentration in the BOD-bottle was monitored at 
one minute intervals with a DO meter (TOX-999B, Toko, Japan). Based on 
the slope of DO in time, the OUR in the individual tests was determined. 
After completion of the tests, another set of experiments was carried out 
using fresh sludge with the presence of ammonia with a concentration equal 
to that of NaNO2 ranging from 50 to 1,200 mg-N/L. 
 
4.3.2 Long-term OUR measuring procedure 
A respirometer (AER-8 Challenging Systems Inc, USA) was used to log the 
oxygen uptake at hourly intervals for over 10 days in the batch tests. The 
components of the respirometer were (1) a gas-tight 500-mL incubation 
vessel on the strong magnetic stirring base with supplied oxygen from an 
external gas cylinder, (2) a cell device measuring oxygen gas consumption, 
(3) an interface module to convert the oxygen gas consumption data to 
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digital form, and (4) a computer for data acquisition. Temperature of the 
incubation vessels and the cell base were maintained at 35±0.2˚C in a 
temperature-controlled incubator. A small scrubber consisting of a caustic 
material was set in the incubation vessel to absorb CO2 from the headspace 
gas. The oxygen gas consumption data was logged at regular intervals in the 
computer whilst the DO in the incubation vessels were maintained constant 
at over 6 mg-O2/L. 
 
Based on the shape and area of the respirogram, relevant rate expressions 
for the growth () and decay (btot) processes were elaborated based on 
Eq.(4.6), and corresponding parameters were estimated using a process 
simulator (GPS-X, Hydromantis Environmental Software Solutions, Inc., 
Canada) (Kappeler et al., 1992; Henze et al., 2000). Similar to the short-term 
tests, different concentrations of NaNO2 was dosed to perform a six-parallel 
experiment ranging from zero to 2,000 mg-N/L as well as using the mixture 
of nitrite and ammonia. The test conducted without addition of nitrite (blank 
test) provided the estimated values for the XNOO concentration in the sludge 
as 44 mg-COD/L and the inherent specific decay rate bD as 0.08 d-1, which 
was in the range reported in literatures (0.08-0.22 d-1, Makinia, 2010) 
 
  NOOtotUNOONOO
NOO
NOO XbfX
Y
Y


 1
14.1
OUR   (4.6) 
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4.3.3 Calculation of FA and FNA 
The fraction of non-ionised compounds, FNA ([HNO2], SFNA) and FA ([NH3] , 
SFA) was estimated using Eq. (4.7) and Eq. (4.8) respectively. As 
concentrations of total nitrite ([NO2-] + [HNO2]) and total ammonia ([NH4+] + 
[NH3]) were obtained from the chemical analysis, inputting the 
corresponding equilibrium coefficient, Ka, the concentration of non-ionised 
fraction of nitrite and ammonia were estimated. The values of Ka, Nitrite and 
Ka, Ammonia were calculated based on pKa, nitrite and pKa, ammonia values of 3.24 
and 8.95 at at 35C respectively (Lide, 2006). 
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4.4 Results 
 
4.4.1 Reversible inhibition verification 
The OUR datasets collected from the short-term batch tests were used to 
estimate the conventional inhibition kinetics for the growth process of NOO. 
As shown in Fig.4.2, when the enriched NOO culture was exposed to NO2- for 
15 minutes (), the maximum OUR value was observed to be 8.8 mg-O2/L/d. 
The observed maximum OUR value decreased gradually as the nitrite 
concentration was increased. At an initial concentration of 1,200 mg-N/L of 
nitrite, the maximum OUR was less than 50% of the maximum OUR 
observed at initial nitrite concentration of 100 mg-N/L. Both the 
conventional non-competitive and competitive models could reproduce the 
data plots reasonably well and showed almost identical curves as shown in 
the graph. For the simulation, since there was no clear experimental 
evidence whether NOO assimilated nitrite as ionised form (NO2-) or 
non-ionised form (HNO2) or both, it was assumed that the both forms were 
simultaneously consumed by NOO. Consequently the substrate, C in  (4.3) 
was expressed to be the sum of NO2- and FNA (total nitrite, SNO2). On the 
other hand, for the inhibition effect, the non-ionised concentration calculated 
from the pH and the total SNO2 concentration were used in the expression. 
The calibrated values of the kinetic parameters for nitrite half-saturation 
and inhibition were estimated to be; KS,NO2 = 35 mg-N-SNO2/L, KI,HNO2 
(non-competitive type) = 0.017 mg-N-FNA/L, KI,HNO2 (competitive type) = 
0.017 mg-N-FNA/L. 
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Figure 4. 2 Measured and simulated maximum OUR of NOO at pH = 7.3 
fifteen minutes after collection of fresh sludge from the reactor.  
(: only nitrite, bold solid line: simulation using non-competitive type, thin 
solid line: simulation using competitive type; : nitrite with ammonia, bold 
dotted line: simulation using non-competitive type, thin dotted line: 
simulation using competitive type) 
 
When NOO were simultaneously exposed to both nitrite and ammonia (), 
the maximum OUR was slightly lower than the 8.8 mg-O2/L/d (the 
maximum OUR observed without ammonia) and the decrease of maximum 
OUR at higher concentrations was remarkably enhanced. At 1,200 mg-N/L 
of nitrite with 1,200 mg-N/L of ammonia, the OUR became about half 
compared to that measured when only nitrite was present. According to the 
data plots, it seemed that higher ammonia concentrations reduced OUR 
more significantly. Based on the response, the inhibition of NOO by 
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non-ionised ammonia (FA) as well as FNA were modelled and simulated 
using non-competitive and competitive formulae as shown in the graph. 
Similar to the simulation results for nitrite only experiments, the two 
inhibition forms gave comparable curves. The calibrated values of the 
kinetic parameters for ammonia inhibition estimated to be; KI,NH3 
(non-competitive type) = 26.5 mg-N-FA/L, KI,NH3 (competitive type) = 6.6 
mg-N-FA/L. 
 
Since the two kinds of inhibition forms for non-competitive (Eq.4.9) and 
competitive (Eq.4.10) on the growth process showed very close simulation 
curves on FNA inhibition as well as those on FNA + FA inhibition, it was 
decided to use non-competitive formula for further study because of its 
simplicity. 
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Figure 4. 3 Experimental OUR plots and the simulated curves for the 6 datasets of 
the long-term batch tests at pH = 7.3.  
(nitrite concentration: A: 125 mg-N/L, B: 250 mg-N/L, C: 500 mg-N/L, D: 1,000 
mg-N/L, E: 2,000 mg-N/L; : addition of only nitrite, : addition of nitrite with the 
same concentration of ammonia, bold line: simulation for FNA inhibition, thin line: 
simulation for FNA + FA inhibition, the last figure: blank test without nitrite 
 
Next, the OUR plots from the long-term batch tests are shown in  
Fig. 4.3 along with simulation curves using the concepts of the recovery from 
the shock loading and of the irreversible inactivation by poisoning (discussed 
in later sections). After addition of nitrite (and ammonia), the OUR was seen 
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to increase gradually with time and attained a peak. This behaviour was 
very prominent in all the experiments except the test conducted at 2,000 
mg-N/L of nitrite and ammonia. The increase of OUR until attaining the 
peak, especially in the tests conducted at 125-1,000 mg-N/L of nitrite (and 
ammonia), could not be explained using the conventional inhibition models 
because the concentration of inhibitory compounds was still high in the 
system. Based on this, the period until attaining the peak OUR was 
considered to be due to biomass adaptation and is termed as the recovery 
period. 
 
The time required to attain the peak OUR (recovery period) was directly 
correlated to the initial inhibitory compound concentration fed to the system 
(Fig.4.3 (A)-(E)), the recovery from each batch test of Fig 4.3 was mapped and 
shown in Fig. 4.4 based on Haldane-type inhibition curve (t = 0) and 
calculation by recovery function. This meant that a longer recovery time was 
needed when higher inhibitory compounds were present. The peak OUR 
appeared at 0.2 day for the test A conducted at 125 mg-N/L of SNO2 whilst the 
peak time shifted to 0.5 day for the test B (SNO2: 250 mg-N/L), 1.5 days for 
test C (SNO2: 500 mg-N/L) and 2 days for test D (SNO2: 1,000 mg-N/L). In the 
case of very high concentration (SNO2: 2,000 mg-N/L), there was no 
prominent peak observed (test E). For this test, it was likely that high 
concentration caused considerable poisoning leading the death of active cells. 
In addition to the effect of FNA on recovery time, the presence of FA also 
increased the recovery time especially at high FA concentration. 
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Figure 4. 4 NOO activity recovery phenomenon in long-term continuous batch tests  
 
Over the tests, it appeared that both FNA and FA reduced the peak OUR 
depending on the concentration. Consequently under extremely high FNA 
and FA conditions (test D and E), these OURs did not reach the peak OUR of 
13 mg-O2/L/d which was observed for test A. Furthermore, the consistent 
decline of OUR after the peak indicated the poisoning was dominant over the 
periods.  
 
To elucidate the complex responses, the inhibition coefficients for the five 
datasets, KT in  (4.4) for FNA and for FA were estimated first by visual 
inspection. Based on these first-guess values, the decrease in OUR after the 
peak was calibrated using additional decay processes in Eq.(4.2) and  (4.5). 
After this first set of trials, the calibration was repeated several times until 
the entire curve shape and data plots matched. Through the calibration, the 
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sensitivity of power coefficient, n was found to be low as long as a high value 
(above 5) was used. The estimated KT for FNA and for FA was 0.004 
mg-N-FNA/L/d and 1.1 mg-N-FA/L/d respectively. Based on this, it appeared 
that the FNA toxicity concentration is about 300 times lower than FA, thus 
adaptation from FA shock loading should be easier than that from FNA for 
NOO. Thus the coefficient of KT may be used as a quantification index to 
evaluate the adaptation phenomena kinetically, as no relevant metabolic 
theories were available at present. 
 
The OUR plots having a convex inflection (-shape) before the peak OUR 
could not be drawn using the conventional inhibition model with Monod-type 
switching function for substrate. This was because such substrate 
concentration-depended composite functions had to have a concave inflection 
(-shape). To highlight this deficiency of the conventional model, the 
simulation curve using the conventional non-competitive formula without 
the recovery function f is shown as a bold line on the top left graph in Fig. 4.5 
together with the data plots conducted at 500 mg-N/L of only nitrite. 
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Figure 4. 5 Improper reproductivity of the inhibition model on growth process 
under long-term incubation (Initial nitrite = 500 mg-N/L, pH=7.3) 
(top left: comparison of the simulation to the experimental OUR plots; top 
right: adaptation from the inhibition effect calculated by the new model (fFNA: 
reduction of the inhibition effect with time, IFNA: switching function to 
express the recovery from inhibition); bottom: the outputs of some selected 
functions, (a) dimensionless active biomass concentration, (b) dimensionless 
growth rate, (c) dimensionless reaction rate) 
 
Apart from the comparable area of the graphs indicating the total oxygen 
uptake by NOO, the pattern of the simulated curve and the data plots were 
distinct. In order to fit the curve to the data plots during the recovery period,  
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(4.11) was introduced from Eq. 4.2 and (4.4). Based on the equation, the 
calibrated fFNA and the calculated IFNA were drawn on the top right graph in 
Fig. 4.5 as the thin and bold lines respectively. As the shape of curve for IFNA 
resembles the unmatched conventional growth process inhibition model, use 
of only Eq. 4.11 form was not appropriate. To transform -shape to -shape on 
the graph, addition of a decay phenomenon leading to logarithmic decrease of 
active biomass concentration in time was essential as drawn on the down 
graph in Fig. 4.5. 
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 (4.11) 
 
It was noted that, before the OUR peak, the conventional model 
underestimated the OUR data plots. To approach the plots, it was clear that 
the degree of inhibition had to be reduced in the conventional model by 
applying the recovery phenomena. Similarly after the OUR peak, the 
decrement of OUR in time in the conventional model was clearly 
overestimated. To match with the OUR data plots during the periods, the 
reaction rate had to be reduced by reducing the active NOO concentration 
which was additional decay. To express the entire shape of the graph, the two 
modifications were simultaneously needed. 
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4.4.2 Irreversible inhibition verification 
In order to match the curve and the data plots, the calibration of the decay 
process associated with poisoning as well as the model for the recovery from 
inhibition on the growth process were needed. This was particularly 
influential on reproducing the consistent decrease of OUR under high 
inhibitory compounds (e.g. test D and E) and the OUR curve after the peak 
(e.g. test A-C). For the calibration, the inhibitions of FNA and FA on decay 
process were modelled using Eq. (4.9) which was introduced from Eq.(4.2) 
and  (4.5). In the first step of the calibration, the threshold concentrations to 
activate the poisoning (switching coefficient of fj in (4.5), KI,j) were defined. 
Considering that the reduction of OUR in the short-term batch tests was 
observed at beyond about 0.004 mg-N-FNA/L and 1.1 mg-N-FA/L respectively, 
these values were used as the kinetic coefficients for KI,FNA and KI,FA. Similar 
to the modelling of reversible inhibition on growth process, the sensitivity of 
power coefficient n was also low as long as a high value (over 5) was used. 
 
FAFAFNAFNAD
FAFAFNAFNADtot
fkfkb
IkIkbb


      
 
(4.9) 
 
The maximum specific poisoning rates for FNA (kFNA) and FA (kFA) were 
calibrated to be 0.4 d-1 and 0.05 d-1 respectively. Unlike the reversible 
inhibition function on the growth process having a time dependency, 
constant kFNA and kFA were enough to reproduce the OUR curves. This 
suggested that the physiological mechanism for these two inhibitions were 
distinct as shown in Eq. 4.10. Here, a process rate for decay under the batch 
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condition could be generalised using Weibull distribution as a probability 
density function (adapted from Weibull et al., 1952; Taylor et al., 1992; 
Arensberg et al., 1995 and Gendig, et al., 2003). In case of logarithmical 
decrease of active biomass concentration with time, which was ordinary 
decay, the shape parameter m was set at 1 and gave an ordinary rate 
expression as b·e-bt. On the other hand, if the failure rate (= decay rate) in 
the process increased along with time (e.g. due to aging), m should be 
calibrated to be greater than 1 (m > 1) in order to reproduce the event on the 
model. 
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 (4.10) 
 
Over the test periods, since both of two specific poisoning rates were able to 
be fixed, m = 1 could be applied. Based on this result, the poisoning by FNA 
and FA on the microorganisms was thought to happen randomly and 
independently with a constant probability over time as long as the 
concentration exceeded the threshold levels. In addition, due to a low yield 
coefficient for NOO (Y = ca. 0.03 g-COD/g-N, Ostace et al., 2011; WEF 
manual of practice No. 34, 2010), the development of new biomass during the 
long-term tests was limited and hence the initially seeded NOO should be 
the dominant and consistently received the inhibitions throughout the test 
period. Therefore, the successful reproduction of the OUR using the set of 
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fixed coefficients indicated that the so-called aging phenomena in Weibull 
distribution, which represented an acceleration of the deterioration on 
specific activity per NOO was thought to be minor. Accordingly the 
conventional mechanistic concept to express NOO as a single state variable 
(XNOO) could be retained. This was quite a convenient finding because of no 
need for consideration of an age-distribution problem in the system for the 
poisoning model (no need to define numerous state variables for XNOO having 
their inherent age), apart from modelling of the quick adaptation from the 
shock loading where residence time of all cells have to be tracked 
individually.  
 
4.4.4 Model structure and kinetics values 
Based on the above experimental results and theoretical consideration, a 
complete model structure for the inhibition, recovery and poisoning was 
developed. The structure of the model and the suggested parameters values 
are listed in Table 4.1 and 4.2 respectively.  
 
It should be noted that oxygen (SO2) was assumed to be consumed in the 
poisoning processes in the model. If the inhibitory compounds completely 
killed NOO, SO2 should not be consumed but some biodegradable fractions 
(XCB) should be produced. Nevertheless, considering that the sludge was 
enriched as a mixed culture where very small amounts of heterotrophs were 
present to consume the compounds through the cryptic growth of NOO (data 
not shown) and for model simplification purpose, the assumption was 
90 
 
applied to the model. 
 
Table 4. 1 The Gajer Matrix for biological nitrite oxidation 
m 
Component 
 SNO2 SNO3 SO2 XNOO XU Rate (mg-COD/L/d) 
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IFNA, 1 and IFA, 1: see  (4.4) 
IFNA, 3 and IFA,4: see  (4.5) 
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Table 4. 2 Kinetic and stoichiometric parameters for biological nitrite 
oxidation 
Symbol Value Item Unit 
Conventional parameters 
YNOO 0.03 Yield of NOO g-COD/g-N-nitrite (Ostace et al., 
2011) 
fU 0.20 Production of particulate inert g-COD/g-COD (Henze et al., 2000) 
μmax,NOO 0.32 Maximum specific growth rate d-1 (at 35 C) 
KS,NO2 35 Half-saturation coefficient on 
growth 
mg-N-nitrite/L 
bD,NOO 0.08 Inherent specific inherent decay 
rate 
d-1 (at 35 C) 
Inhibition parameters on growth stage 
KI, FNA, 
growth 
0.017 Inhibition coefficient for FNA on 
growth 
mg-N-FNA/L (Non-competitive type) 
KT, FNA 4.410-8 Inhibition coefficient for FNA on 
recovery 
mg-N-FNA/L/d (at 35 C)  
n 5 Power coefficient for FNA on 
recovery 
 
KI, FA, growth 26.5 Inhibition coefficient for FA on 
growth 
mg-N-FA/L (Non-competitive type) 
KT, FA 4.410-5 Inhibition coefficient for FA on 
recovery 
mg-N-FA/L/d (at 35 C)  
n, FNA, growth 5 Power coefficient for FA on recovery  
Inhibition parameters on decay stage 
kFNA 0.4 Specific FNA poisoning decay rate d-1 (at 35 C) 
KI, FNA, decay 0.0044 Half saturation coefficient on 
poisoning 
mg-N-FNA/L 
n, FNA, decay 5 Power coefficient on FNA poisoning   
kFA 0.05 Specific FA poisoning decay rate d-1 (at 35 C) 
KI, FA, decay 1.1 Half saturation coefficient on FA 
poisoning 
mg-N-FA/L 
n, FA, decay 5 Power coefficient on FA poisoning   
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4.5 Discussion 
 
4.5.1 Marginal inhibition condition 
Anthonisen et al. described a relationship between pH and FA or FNA for 
AOO and NOO in 1976 shown in Fig. 7.1. 
 
Figure 4. 6 Dependence of free ammonia (FA) and free nitrous acid (FNA) on 
pH in the solution described by Anthonisen et al. (1976).  
In Fig. 4.6 , Zone 1 shows FA inhibition of Nitrobacter and Nitrosomonas, 
Zone 2 shows FA inhibition of only Nitrobacter, Zone 3 shows complete 
nitrification and Zone 4 shows FNA inhibition of Nitrobacter, Symbols: open 
circles, NH4+-N; double circles, NH4+-N from 0 to 70 g/m3;closed circles, 
NH4+-N from 180 to 240 g/m3; open triangles, NO2—N; solid lines, FA of 
0.1,1.10 and 150 g/m3, respectively; dotted lines, FNA of 0.2and 2.8 g/m3. 
 
FA inhibits the activity of nitrite oxidoreductase (Yang & Alleman 1992). 
Anthonisen et al. (1976) reported that for FA concentration above 1.0 mg/L, 
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there is inhibition of the activity of NOO. Mauret at al (1996) reported in the 
mixed culture experiment that the FA concentration threshold for the 
inhibition of NOO was 6.6 - 8.9 mg NH3-N/L. Bae et al (2001) and Jianlong 
&Ning (2004) achieved nitrite accumulation in the conditions of pH 8 (30°C, 
DO = 1.5mgL-1) and pH 7.5 (30°C, DO = 1.5mgL-1). Turk & Mavinic (1989) 
proved that AOO and NOO could endure FA 40 mg NH3-N/L. 
 
A marginal inhibition condition resulting in non-growth condition for NOO 
was calculated using (4.14) developed from Eq. 4.1, 4.2, 4.7 and 4.8. The 
calculated lines were overlaid on the experimental plots and the inhibition 
boundaries obtained by Anthonisen et al. (1976). 
 
The marginal condition was obtained by a set of nitrite concentrations, 
ammonia concentration and pH.  When the pH and ammonia (or nitrite) 
concentration were fixed, the critical FNA (or FA) concentration could be 
determined from the equation depending on the microbial kinetics. Using the 
parameter values listed in Table 4.2, it appeared that about 0.0044 
mg-N-FNA/L was the critical concentration (FNAcri) without the presence of 
FA (Fig.4.7, top graph). If FA was present in the system, the marginal line 
correspondingly shifted to alkaline side. Similarly when more FNA was 
present, the marginal line moved to more acidic side (Fig.4.7, bottom graph). 
 
   pH,,,,0 condition, inhibition Marginal 322 NHNONOtot SShFAFNASgb    (4.14) 
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Figure 4. 7 Marginal lines of FNA and FA inhibition concentrations with pH 
(top: marginal line by FNA, bottom: marginal line by FA; plots indicated 
NOO’s activity deterioration NOO served by Anthonisen et al. (1976)) 
Compared to Anthoniesen’s boundaries that showed the NOO (Nitrobacter) 
inhibition zone and non-inhibition zone, it seemed that the FNAcri obtained 
in the batch tests was considerably lower than their estimated boundary 
where a deterioration of Nitrobacter’s reaction took place (at FNA = 0.2 
mg-N/L) whilst the FAcri was fairly close to the boundary (FA = 1.0 mg-N/L) 
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when small FNA was present simultaneously. On the other hand, in case of 
using the calibrated parameter from the benchmark dataset (KI, FNA, decay: 
0.33 mg-N-FNA/L), the marginal line was very close to their suggested 
boundary at FNA = 0.2 mg-N/L (not shown). Since Anthoniesen’s boundaries 
were defined as an initiation point of NOO activity deterioration, direct 
linkage with (4.14) was technically difficult. Nevertheless, the equation could 
provide mathematical insight for the response of NOO. For instance, instead 
of using zero on the left side of Eq. 4.14, using a reciprocal SRT would give 
another set of marginal condition corresponding to a continuously operated 
system at a given SRT. 
 
The actual decay phenomenon of NOO under starvation conditions seems to 
be further complicated as a recent research using OUR tests pointed out that 
there would be two types of decay (cell decay: associated to cell death, and 
activity decay: reduction of specific activity of active bacteria) (Hao et al., 
2009). At present it is not clear which decay type governed the poisoning 
observed in this study. In addition, apart from cell decay, there is no relevant 
information whether the ‘activity decay’ retains for long periods of time 
without any microbial recovery. To reveal the problem in the next task, the 
concept of the recovery function and the additional decay function developed 
here may be applied to simulate the two types of decay (Loosdrecht and 
Henze, 1999). 
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4.6 Conclusions 
 
Kinetic modelling for the inhibition of nitrite oxidizing organisms was 
studied using batch respirometric tests. The inhibition by non-ionised nitrite 
and non-ionised ammonia was classified into two types as reversible form 
(growth inhibition) and non-reversible form (poisoning) depending on the 
inhibitory concentrations. The developed model was successfully validated 
using a WERF benchmark dataset conducted under a chemostat mode. The 
following results were obtained in this study. 
 
 The traditional reversible inhibition model focusing on only the growth 
process could not properly reproduce the microbial oxygen uptake rate 
when the incubation was extended to several days. This was because an 
adaptation from the shock loading and poisoning took place almost 
simultaneously. 
 
 The poisoning phenomena were modelled applying inhibitory thresholds 
on the newly defined decay processes whilst the traditional inhibition 
model on the growth process was modified by incorporating a recovery 
function from shock loading.  
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5. Benchmark simulation to 
verify an inhibition model on 
decay stage for nitrification 
 
5.1 Background 
 
Since the early work of Anthonisen et al. (1976) indicating that the high free 
nitrous acid (FNA) and free ammonia (FA) inhibit the biological reactions for 
ammonium oxidising organism (AOO) and Nitrite oxidising organism (NOO), 
various kinds of kinetic inhibition models have been proposed and mentioned 
in chapter 2. Most commonly the traditional Haldane-type switching 
function or its modification have been employed to model the substrate 
inhibition.  
 
On the other hand, unlike instantaneous enzymatic reactions, 
microorganisms in biological wastewater treatment systems adapt to the 
shock loading, probably due to changes in the biochemical reaction in the 
cells (Speece, 1996). In fact, Liu et al. (2011) observed that KI of NOO quickly 
increased along with time and finally the inhibition disappeared after 
several hours in the 10-day batch experiments. This recovery was seen over 
the experiments with the initial nitrite concentration ranging from 125 to 
2,000 mg-N/L at pH 7.3. Another interesting phenomenon was that the bulk 
oxygen uptake rate decreased consistently under high nitrite in spite of 
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corresponding decrease of FNA by nitratation, indicating that an irreversible 
inhibition (poisoning) took place. The irreversible inhibition was verified and 
modelled in chapter 3. These points suggest that the use of traditional 
Haldane-type inhibition functions are not appropriate to express the 
biological reaction and may give potential technical problems for plant 
simulation. First, the phenomenon for the non-reversible biomass 
inactivation have to be addressed rather than the reversible biomass 
inactivation expressed by non-competitive and/or competitive function 
shown in Eq. 4.9 and Eq. 4.10. Second, if KI changes along with time, 
time-dependent adaptation phenomena have to be incorporated into the 
equations. This means a residence time distribution (RTD) has to be 
considered for the individual cell particles in the wastewater treatment plant. 
Accordingly, the calculation procedure becomes significantly complicated. 
Unless it is a perfect plug-flow system, all particles have to be tracked to 
solve the model. For instance, kinetically recovered biomass in the secondary 
clarifier returning to the aeration tank where the inhibition effect is 
provided. Third, even if the plant response can be simulated based on the 
traditional approach using the Haldane-type inhibition functions as 
mentioned in the above section, the obtained KI would be solely apparent, 
which is the mixed output of plant hydraulic conditions and inherent KI of 
the microorganism. 
 
To cope with the technical difficulty a modified NOO inhibition model 
including poisoning threshold was recently presented as shown in Table 5.1 
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and Eq. 5.1 developed from Eq. 4.5 (adapted from Liu et al., 2011). In the 
model the Haldane-type inhibition on the growth stage was neglected since it 
lasted limited duration. Instead of the inhibition, a poisoning effect was 
added on the decay stage. To initiate the loss of biological activity under high 
inhibitory substances (FNA and FA), these thresholds were newly defined in 
the rate expression using a switching function with power coefficient to 
enhance the effect. 
 
Table 5. 1 NOO inhibition model including toxicity threshold 
 SNO2 SNO3 SO2 XNOO XU Rate expression 
Growth 
Y
1

 Y
1

 Y
Y. 

141
 
1   
NOO
NOS
NO X
SK
S
2
2
max


 
Inherent 
Decay 
   U1 f  1  Uf  NOObX  
Poisoning    U1 f  1  Uf  

j
i
NOOi Xb
1
 
 
n
I
n
I
n
I
ii
SK
S
bb

 max  (5.1) 
 
Where SNO2 : total nitrite nitrogen including ionised and un-ionised forms 
(mg-N/L), SNO3 : total nitrate nitrogen including ionised and un-ionised forms 
(mg-N/L), SO2 : oxygen (mg-O2/L), Y: nitrifier biomass yield coefficient 
(g-COD/g-N), fU : production of inert (0.2 g-COD/g-COD), XNOO : NOO 
(mg-COD/L), XU : inert particulates (mg-COD/L), max : maximum specific 
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growth rate of NOO (d-1), KS : half saturation coefficient (mg-N/L), b : specific 
decay rate of NOO (d-1), bi : specific poisoning rate (d-1), bi max : maximum 
specific poisoning rate (d-1), SI : inhibitory substance (mg/L), i : number of 
inhibitory substances (-), KI : half saturation coefficient (mg/L), n : power 
coefficient (-). 
 
Since the model was developed through batch experiments, it was necessary 
to justify the model structure under continuous operation. For this purpose, 
the datasets collected by Zimmerman et al. (2004) in a WERF benchmark 
project were utilised. These datasets corresponded to different SRTs and pHs 
in the reactor. The corresponding effluent qualities were simulated after 
individual evaluation of response for NOO and AOO. In addition to the 
verification of the model, a possible reason for an unexpected event leading 
to a sudden decrease in NOO biomass during one of the experiments was 
also explored. 
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5.2 Materials and Methods 
 
5.2.1 Data extraction from WERF benchmark datasets 
The four datasets in Water Environment Research Foundation (WERF) 
published by Zimmerman et al. (2004) obtained from chemostat operations 
with SRTs of 20-day, 10-day and 5-day were used as a benchmark for the 
model verification. In three operations the bioreactors were seeded with 
activated sludge containing nitrifiers and high-strength ammonia synthetic 
wastewater was used as influent substrate. Another set of reactors was 
operated at 20-day SRT using dewatered solids wastewater and 
experimental conditions were same as the one using synthetic wastewater. 
The bulk pH in the reactor was dynamically changed by changing the 
alkalinity in the influent during operation to observe its effect on nitritation 
and nitratation. The 20, 10 and 5-day SRTs using  synthetic wastewater 
and 20-day SRT using dewatered solids wastewater continuous tests were 
operated for 260, 252, 76, and 250 days respectively. The temperature and 
DO in the bioreactor were maintained at 20  2 C and 8.0  2 mg-DO/L, 
whereas the pH in the reactor changed in the range of  5.88.2, 6.18.8, 
6.98.8, and 6.3-9.4 respectively. Influent and effluent ammonia 
concentrations, effluent nitrite and nitrate concentrations, influent and 
effluent TVS concentrations and effluent alkalinities were measured 
regularly in each operation. The datasets were electrically scanned and 
exported to a Microsoft Excel spread sheet. 
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The AOO and NOO volumetric reaction rates (rAOO and rNOO respectively) 
were calculated according to the effluent nitrite and nitrate concentrations 
from the datasets using Eqs. 5.4 and 5.5.  
 effNH4infNH4AOB   SSDr  (5.4) 
effNO3NOB  SDr  (5.5) 
 
Where rAOO : volumetric AOO reaction rate (mg-N/L/d), D: dilution rate (d-1), 
SNH4-inf : influent total ammonium concentration (mg-N/L), SNH4-eff : effluent 
total ammonium concentration (mg-N/L), rNOO : volumetric NOO reaction 
rate (mg-N/L/d), SNO3-eff : effluent total nitrate concentration (mg-N/L). The 
schematic representation of the system is illustrated in Figure 5.1. 
 
 
Figure 5. 1 Reactor configuration 
 
5.2.2 Dynamic simulation 
The corresponding experimental conditions of the datasets were operated on 
GPS-X (Hydromantis Environmental Software Solutions, Inc., Canada) 
simulation software and the response of effluent qualities were compared to 
the data plots. FNA and FA were calculated from Eqs. 5.5 and 5.6 
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(Anthonisen et al. 1976). 
 
pH
a
NO
K
S
FNA
10
2


 






T
Ka 273
2300exp
 
(5.5) 
 
 






T
Ka 273
6344exp
pH
a
pH
NH
K
S
FA
10
104



 
(5.6) 
 
Where T : temperature (C).  
 
Based on the inhibition model mentioned in Table 5.1, the volumetric 
reaction rates for AOO and NOO were individually calculated using the bulk 
nitrogenous concentrations (SNH4 and SNO2). These rates were compared with 
the rates extracted from the datasets. After calibrating the individual 
response of each microorganism, continuous simulations were conducted by 
using the reactions by both AOO and NOO. As no information for initial AOO 
and NOO concentrations were available in the WERF report, initial AOO 
and NOO concentrations were assumed to be both 5 mg-COD/L. For the 
5-day experimental dataset, as only the effluent ammonia and nitrite were 
monitored in the initial phase whilst the nitrate was not produced, the 
produced nitrite in the period was calculated from the decrement of 
ammonia concentration between the influent and effluent. To calibrate 
nitrifier biomass yield coefficient, a typical ratio of COD to activated sludge 
104 
 
VSS was used as a conversion factor of 1.42 (Speece and McCarty, 1964). 
Until reasonable matching of the calculated curves and data plots, individual 
kinetic coefficients were carefully calibrated through visual inspection. Since 
a preliminarily calibration revealed that inhibition for AOO was rather 
limited in the operating conditions, NOO was mainly focused on during the 
model verification unless specified.  
 
In addition to the model verification, with respect to the dataset for 10-day 
SRT, an unexpected loss of nitratation after 170 day was reported in the 
publication. In the period nitrite oxidation suddenly deteriorated although 
the bulk concentration for FNA, FA and pH were certainly within an 
acceptable level where nitrite conversion was observed until the day. Since 
the authors of the report could not explain the reason of the event based on 
kinetic inhibition concept, a microbial lysis (e.g. due to infection by 
Bacteriophage and/or Bdellovibrio spp.) was assumed to be the third decay (= 
k3·XNOO) in order to meet the simulation. 
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5.3 Results  
 
5.3.1 Individual evaluation by benchmark datasets using synthetic 
wastewater  
For the 20-day SRT experiment, operating conditions were shown in Fig. 5.2, 
the rAOO consistently increased until day 30 after start-up, and peaked at day 
40-50 due to acculturation of AOO biomass in the reactor shown in Fig. 5.3. 
This resulted in the decrease of FA, which was also affected by the 
intentional decrease of pH 6. In this period, nitrite nitrogen correspondingly 
increased up to 700 mg-N/L while the conversion of nitrite to nitrate was 
limited to be below 100 mg-N/L. Since the accumulation of FA lasted for only 
20-30 days, AOO’s growth could be simulated without considering the 
inhibition effect of FA. On the other hand, the lower rNOO was mainly 
attributed to the NOO poisoning by the FA that reduced its overall specific 
growth rate. Nevertheless the rNOO exponentially elevated after the 
significant decrease of FA, but it was strongly slowed by the FNA until day 
100. After day 100, although slight ammonium remained in the effluent, no 
nitrite was detected. After day 180, complete nitrification was observed due 
to enrichment of AOO biomass from the excess substrate. The effluent nitrite 
concentration was reasonably simulated using the model. Without 
incorporating the poisoning phenomena, the rNOO was remarkably 
overestimated in the initial phase. 
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Figure 5. 2 Operating condition for SRT 20 d (synthetic wastewater) 
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Figure 5. 3 Nitirifier reaction rate (top) and effluent nitrate (bottom ) for SRT 20 d 
operation (synthetic wastewater) 
Next, for the 10-day SRT experiment, operation conditions shown in Fig. 5.4 
a consistent increase of rAOO was observed and calculated in the initial 50 
days due to high specific growth rate of AOO (Fig. 5.5). These rates were 
slightly reduced by the presence of FA. In addition to this, since the bulk pH 
was also reduced from 9 to 6 by nitrification, FA concentration dropped and 
FNA was seen to accumulate in the reactor. The accumulation of FNA 
significantly delayed the reaction of NOO as well as AOO in this period. 
Again without the poisoning phenomenon, the delay of nitratation could not 
be reproduced. From day 50 to day 100, the rAOO decreased consistently due 
to reduced influent ammonium load. Because of the low rAOO, inhibition due 
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to FNA was minimised and the rNOO increased in this period. Between day 
130 and day 140, FA accumulated slightly due to an imbalance of influent 
ammonium load and rAOO. This caused the pause of increment for rNOO. 
Nevertheless after progressing the growth of NOO, complete nitrite 
conversion to nitrate was achieved after 140 days.  
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Figure 5. 4 Operating condition for SRT 10 d (synthetic wastewater). 
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Figure 5. 5 Nitirifier reaction rate (top) and effluent nitrate (bottom ) for SRT 10 d 
operation (synthetic wastewater). 
 
 
With respect to the 5-day SRT experiment, operating conditions shown in Fig. 
5.6, the initial reduction of ammonium conversion to nitrite was attributed to 
presence of high FA and inhibition on AOO. This lasted until reduction of FA 
by changing the bulk pH. Based on this period, the FA inhibition kinetics 
were calibrated. Through the intentional control for pH reduction, FA 
concentration reached acceptable level for AOO and significant production of 
nitrite started from day 30. Because of high FA and FNA, NOO were not 
possible to grow in the system and washed out finally. After that, the 
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response of rAOO corresponded to the influent ammonium load and could be 
reproduced without considering FNA inhibition in the period. The AOO and 
NOO reaction rate and effluent nitrite concentration were simulated and 
shown in Fig 5.7.  
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Figure 5. 6 Operating condition for SRT 5 d (synthetic wastewater). 
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Figure 5. 7 Nitirifier reaction rate (top) and effluent nitrate (bottom ) for SRT 5 d 
operation (synthetic wastewater). 
 
 
5.3.2 Individual evaluation by benchmark datasets using dewater 
solid wastewater 
 
In this experiment, the rAOO consistently increased until day 20 after the 
start-up and peaked at day 50 due to acculturation of AOO biomass in the 
reactor (Fig. 5.8). This resulted in the decrease of FA, which was also affected 
by the intentional decrease of pH to 6.2. In this period, nitrite nitrogen 
correspondingly increased up to 800 mg-N/L while the conversion of nitrite to 
nitrate was limited to be below 50 mg-N/L. Since the accumulation of FA 
lasted for only 20-30 days, AOO’s growth could be simulated without 
considering the inhibition effect of FA. On the other hand, the lower rNOO was 
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mainly attributed to the NOO poisoning by the FA that reduced its overall 
specific growth rate. Nevertheless the rNOO exponentially elevated after the 
significant decrease of FA, but it was strongly slowed by the FNA until day 
100. After day 100, although a slight of ammonium remained in the effluent, 
no nitrite was detected. After day 100, complete nitrification was observed 
due to enrichment of AOO biomass from the excess substrate. The effluent 
nitrite concentration was reasonably simulated using the model shown in 
Fig. 5.9. Without incorporating the poisoning phenomena, the rNOO 
remarkably overestimated in the initial phase. 
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Figure 5. 8 Operating condition for SRT 20 d (dewater solid wastewater) 
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Figure 5. 9 Nitirifier reaction rate (top) and effluent nitrate (bottom ) for SRT 20 d 
operation (dewater solid wastewater). 
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5.4 Discussion 
 
5.4.1 Model verification in the nitrification process 
To complete the model verification, the simulation using the reactions by 
both AOO and NOO were conducted as shown in Fig. 5.10-12. The effluent of 
ammonium, nitrite and nitrate were reasonably reproduced from the model 
for the three datasets. The coefficients for the model are summarised in 
Table 5.2. Biomass yield coefficients for AOO and the maximum specific 
growth rates were close to literature values (YAOO = 0.25, YNOO = 0.03, YNitrifier 
= 0.80 d-1) (Stensel et al., 1992 and Henze et al., 2000). However the TVS 
concentrations were remarkably underestimated in the period after day 120 
for the 20-day experiment. As biomass in the system during the period was 
relatively stable since complete nitrification was achieved, the discrepancy 
was considered to be attributed to the influent TVS fraction in the synthetic 
inorganic wastewater having high calcium salts used by Zimmerman et al. 
(2004).  
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Figure 5. 10 Benchmark simulation result at 20-day SRT (: Ammonium, : 
Nitrite, : Nitrate). 
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Figure 5. 11 Benchmark simulation result at 10-day SRT (: Ammonium, : 
Nitrite, : Nitrate). 
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Figure 5. 12 Benchmark simulation result at 5-day SRT (: Ammonium, : 
Nitrite, : Nitrate) 
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Table 5. 2 Coefficient list for the inhibition model 
 
Symbol 
Synthetic wastewater Dewater 
solid WW 
Unit References 
 20-day 
SRT 
10-day 
SRT 
5-day  
SRT 
20-day 
SRT 
AOO Y 0.24    g-COD/g-
N 
 
 max 1.0    d-1  
 KS 2.0    mg-N/L  
 b 0.15    d-1 Henze et al. (2000) 
(as dominant 
nitrifier biomass) 
FNA 
Poisoning 
for AOO  
kmax 2.0 0.8 Not used 2.0 d-1  
KI 0.57 0.1 ditto 0.57 mg-N/L  
n 5  ditto 5   
FA 
Poisoning 
for AOO  
kmax Not used 3 0.82 Not used d-1  
KI ditto 180 25 ditto mg-N/L  
n ditto 5 5 ditto   
NOO Y 0.029    g-COD/g-
N 
 
 max 0.35    d-1  
 KS 35    mg-N/L  
 b 0.08    d-1  
FNA 
Poisoning 
for NOO 
kmax 0.15    d-1  
KI 0.33 0.20  1.2 mg-N/L  
n 5      
FA 
Poisoning 
for NOO  
kmax 0.4 0.8 Not 
identifie
d 
0.4 d-1  
KI 11  ditto 11 mg-N/L  
n 5  ditto 5   
Additional 
lysis (?) 
K3  0.37   d-1  
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Calibration of the half saturation coefficients was needed to meet the 
dynamic responses and the same values could be used over the three 
datasets. The specific decay rate were not calibrated and literature values 
were used (Henze et al., 2000; Liu et al. (2011). With respect to the poisoning 
coefficients, it seemed that inhibition impact of FA was stronger than FNA 
for NOO as its kmax was more than 2.5 times higher than FA. This suggests 
that the partial nitritation process would be robust as compared to complete 
nitritation process. Comparing the poisoning coefficients of NOO at 20-day 
SRT to those at 10-day SRT, the ki max for FA at 20-day SRT was 50% of that 
at 10-day SRT whereas the KI for FNA at 20-day SRT was 160 % higher. 
Although the exact reason is not clear at present, it may due to difference in 
the participating species of NOO at different SRT. 
 
 
 
 
 
 
 
 
 
 
 
120 
 
5.5 Conclusion 
 
Four sets of long-term continuous benchmark datasets were simulated using 
developed model containing reversible inhibition on growth stage and 
irreversible inhibition on decay stage to verify the correctness of new model. 
the following conclusions were obtained in this study. 
 
 The research systematically clarified the inhibition effects of FA and FNA 
on nitrifiers. Although Haldane-type inhibition is traditionally used to 
model the inhibition of ammonia oxidation and nitrite oxidation process.  
 
 It appears that an alternative poisoning model with poisoning 
concentration threshold could express the nitrifier’s response more 
accurately.  
 
 Since the model assumed a non-reversible inactivation of the 
microorganism, further experimental validation involving 
characterisation of active/inactive cells could strengthen the concept. 
Apart from substrate inhibition of nitrifiers, an additional mechanism of 
microbial lysis due to predator infection may need further investigation. 
 
 FNA and FA poisonings occur on NOO while dewatered biosolids 
supernatant containing high strength ammonia concentration. 
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 With influent conditions (pH and concentration) changing, although the 
same source of bacteria was used in the operation, a slight change in the 
parameters values may be due to a response from different bacterial 
species in combination.    
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6 Bioaugmentation with nitrifiers 
developed from different substrates 
 
6.1 Background 
 
When operation conditions changes in biological processes, reactions will be 
affected by shock loads resulting in a sudden reduction of bacterial activity. 
In biological nitrification processes, AOO and NOO are sensitive on 
environmental conditions that were discussed in chapter 2. However, in real 
operation processes, the conditions sometimes change out of anthropogenic 
control. For instance to expand the bacterial training scale, the trained 
bacteria need to be moved to a new environment, during the transportation 
or the beginning of training in new conditions, the environment cannot been 
kept as same as the original one absolutely.  In those kinds of situations, it 
is important to know the bacterial activity recovery ability. 
 
To verify and evaluate the adaption ability in new conditions, 
bioaugmentation datasets that were obtained from nitrifiers developed in 
different conditions high-strength ammonia synthetic waste water, 
dewatered biosolid supernatant containing high ammonia concentration and 
tricking filter were selected in WERF published by IWA (Zimmerman et al., 
2004). Kinetics values were obtained from simulations using the same model 
developed in chapter 3 and compared among the kinetic values from 
simulations.  
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6.2 Material and Methods 
 
6.2.1 Seed nitrifiers training 
For bioaugmentation experiments, seed nitrifiers were developed from 
commercially available nitrifiers trained in high ammonia concentration 
synthetic wastewater (about 1000 mg-NH4-N/L) as was introduced in Part I 
of chapter 5. To be sure the bioaugmentation procedures, a low ammonia 
concentration (about 25 mg-NH4-N/L) synthetic wastewater obtained by 
diluting the high-strength wastewater was utilized to verify the 
bioaugmentation feasibility (Zimmerman et al., 2004). The characteristics of 
high ammonia concentration wastewater used are shown in Table 6.1  
 
Table 6. 1 Synthetic wastewater characteristics 
Constituent Concentration (mg/L) 
MgSO4-7H2O 20000 
FeSO4-7H2O 2500 
ZnSO4-7H2O 200 
MnSO4-H2O 30 
CaCl2-2H2O 2000 
Na2HPO4 2481 
KH2PO4 1215 
NaHCO3 2453 
(NH4)2SO4 4717 
 
Seed nitrifying population for bioaugmentation were also developed from 
microorganisms indigenous to dewatered biosolids supernatant. This 
supernatant typically contains a high ammonia concentration. 
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Bioaugmentation procedures were verified in diluted supernatant 
(Zimmerman et al., 2004). Typical characteristics of undiluted dewatered 
biosolids supernatant are shown in Table 6.2. 
Table 6. 2 Typical dewatered biosolids supernatant characteristics 
parameter Concentration (mg/L) 
Mg 12.9 
Fe 3.04 
Zn 0.292 
Mn 0.087 
Ca 55.1 
 
6.2.2 Bioaugmentation analyses  
Batch bioaugmentation analyses were conducted using the MLSS and final 
clarifier effluent from a non-nitrifying activated sludge with seed nitrifiers 
developed from the high-strength ammonia synthetic wastewater and 
dewatered biosolids supernatant operated at a 20-day SRT and also with 
biomass from an operating nitrifying tricking filter facility. Environmental 
conditions (e.g. temperature and pH) between the seed bioreactors (used to 
develop the supplemental nitrifiers) and the bioaugmentation reactors (to 
which supplemental nitrifiers were added) were not significantly different. 
For nitrifiers developed from high-strength ammonia synthetic waste, the 
difference in temperature and pH between the seed and bioaugmentation 
reactors was ±2.1C and ±0.5 standard units respectively. For nitrifiers 
developed from dewatered biosolids supernatant, the difference in 
temperature and pH between the seed and bioaugmentation reactors was 
±4.5C and ±0.8 respectively (Zimmerman et al., 2004). 
125 
 
 
6.2.3 Model structure 
Since the nature culture bacterial organisms were considered in 
bioaugmentation process, the whole model was constructed including 
two-step nitrification containing ammonia and nitrite oxidation, OHO and 
ammoniafication shown in Table 4.1. In the model, a poisoning process was 
added for AOO, NOO and OHO. 
 
In the growth stage, Monod-type functions were utilized, and in the decay 
stage, specific inherent decay rate (b) was the same as ASM (Henze et al., 
2000). To account for a poisoning event and for a complete model, poisoning 
expression was added as shown in Table 5.6. A Monod-type threshold 
function was mentioned in chapter 4 was used.  
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6.3 Results  
 
6.3.1 Bioaugmentation with nitrifiers developed from high-strength 
ammonia synthetic waste at 20-day SRT  
 
A set of bioaugmentation analyses were conducted using seed nitrifiers 
developed from high-strength ammonia synthetic waste at 20-day SRT, using 
low-strength ammonia synthetic wastewater, clarified activated sludge and 
non-nitrifying activated sludge as substrates. The experimental conditions 
were shown in Table 6.3. In Table 6.3 Run No.1 was conducted in the seed 
bioreactor without supplemental nitrifiers. 
Table 6. 3 Bioaugmentation analyses with nitrifiers developed from 
high-strength ammonia synthetic waste at 20-day SRT 
Run No. 1 2 3 4 5 
substrate Seed 
bioreactor 
Low-strength 
synthetic 
waste 
Clarified 
activated 
sludge 
Activated 
sludge 
Substrate volume, L N/A 5.75 3.50 3.50 3.50 
Supplemental nitrifier 
volume, L 
N/A 0.25 0.50 0.50 0.50 
Total volume, L 5.00 6.00 4.00 4.00 4.00 
XNest (VSSN), mg/L 109 6.8 15.4 14.2 15.0 
NH3-N removal rate, 
mg/L/h 
5.78 0.66 0.72 0.94 0.86 
qNest, mgNH3-N 
oxidized/mg VSSN/d 
1.28 2.34 1.12 1.59 1.38 
OUR, mg/L/h N/A N/A 2.97 2.96 10.59 
Specific oxygen uptake, 
mgO2/mgNH3-N oxidized 
N/A N/A 4.13 3.15 N/A 
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Simulation results (Run No.1-5) 
According to a mathematical model modified from ASM (Henze et al., 2000) 
shown in Table 5.6, the dominant microorganisms in the seed sludge were 
estimated to be AOO (50%), NOO (20%), OHO (20%) and inert particulates 
(10%), this corresponded to simulation results that were obtained and shown 
in Fig.6.1– 6.5. The parameters values were listed in Table 6.4. 
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Figure 6. 1 Bioaugmentation with nitrifiers developed from high-strength 
ammonia synthetic wastewater at 20-day SRT in seed bioreactor. 
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Figure 6. 2 Bioaugmentation with nitrifiers developed from high-strength 
ammonia synthetic wastewater at 20-day SRT under low-strength 
synthetic wastewater (test 1). 
 
A
m
m
o
n
ia
 a
n
d
 n
it
r
it
e
 c
o
n
c
e
n
tr
a
ti
o
n
 
(m
g
-N
/L
)
N
it
r
a
te
 c
o
n
c
e
n
tr
a
ti
o
n
（
m
g
-N
/L
）
0
20
40
60
80
100
120
140
0
10
20
30
0 5 10 15 20 25 30
time (hours)  
Figure 6. 3 Bioaugmentation with nitrifiers developed from high-strength 
ammonia synthetic waste at 20-day SRT under low-strength synthetic 
wastewater (test 2) 
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Figure 6. 4 Bioaugmentation with nitrifiers developed from high-strength 
ammonia synthetic waste at 20-day SRT using clarified activated sludge 
supernatant 
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Figure 6. 5 Bioaugmentation with nitrifiers developed from high-strength 
ammonia synthetic waste at 20-day SRT using activated sludge 
supernatant 
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Table 6. 4 Parameters values from simulations 
  NO.1 NO.2 NO.3  NO.4 NO.5 
Parameter Unit 
YAOO g-COD/g-N 0.208 0.208 0.208 0.208 0.208 
max,AOO d-1 0.4 0.5 0.35 0.35 0.35 
KS,AOO mg-N/L 6 6 6 6 6 
bAOO d-1 0.04 0.04 0.04 0.04 0.04 
YNOO g-COD/g-N 0.029 0.029 0.029 0.029 0.029 
max,NOO d-1 0.35 0.3 0.35 0.35 0.35 
KS,NOO mg-N/L 6 6 6 6 6 
bNOO d-1 0.04 0.04 0.08 0.04 0.04 
YOHO g-COD/g-N 6 6 6 6 6 
max,OHO d-1 20 20 20 20 20 
KS,OHO,O2 mg-O/L 0.2 0.2 0.2 0.2 0.2 
KS,OHO,NO3 mg-N/L 0.5 0.5 0.5 0.5 0.5 
bOHO d-1 0.62 0.62 0.62 0.62 0.62 
 
Run No. 1 was operated in a seed reactor using high strength synthetic 
ammonia wastewater as a substrate as shown in Fig. 6.1. From the 
parameters values listed in Table 6.4, max,AOO is 0.4 d-1 and max,NOO is 0.35 
d-1. Run No. 2 and 3 were conducted to verify bioaugmentation procedures by 
subjecting the supplemental nitrifier population to a familiar substrate, a 
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low-strength ammonia synthetic wastewater at similar temperature and pH 
shown in Fig. 6.2 and 6.3. Comparing to max,AOO and max,NOO of Run No. 1, 
there are no significant differences in Run 1, Run 2 and Run 3.  
 
Run No.4 and 5 were conducted to determine if an acclimation period was 
required when the separately cultured nitrifier was introduced to an 
unfamiliar substrate. From the datasets in Fig. 6.4 and 6.5 and simulation 
parameter values shown in Table 6.4, there were no significant different 
between nitrifiers trained in a seed reactor those using low-strength familiar 
substrate. According to the parameters values from the simulation, a 
conclusion that bioaugumentation with nitrifiers developed from 
high-strength ammonia synthetic waste can be achieve in different 
substrates of low-strength ammonia synthetic wastewater, clarified 
activated sludge, and non-nitrifying activated sludge at 20-day SRT 
although there are slight differences in some parameters values.  
 
 
6.3.2 Bioaugmentation with nitrifiers developed from dewatered 
biosolids supernatant at 20-day SRT  
 
Bioaugmentation analyses were conducted in diluted bioreactor supernatant 
containing ammonia wastewater, clarified activated sludge and 
non-nitrifying activated sludge. Results from the analyses utilizing nitrifiers 
developed from dewatered biosolids supernatant containing ammonia 
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wastewater at a 20-day SRT are summarized in Table 6.5 with the data from 
Run No.6 conducted in the seed bioreactor without supplemental nitrifiers. 
Table 6. 5 Bioaugmentation analyses with nitrifiers developed from dewatered 
biosolids supernatant at 20-day SRT 
Run No. 6 7 8 9 10 11 
substrate Seed 
bioreactor 
Diluted 
dewatered 
supernatant 
Clarified 
activated 
sludge 
Activated 
sludge 
Substrate volume, L N/A 4.75 3.55 4.75 3.55 3.55 
Supplemental nitrifier 
volume, L 
N/A 0.25 0.45 0.25 0.45 0.45 
Total volume, L 5.00 5.00 4.00 5.00 4.00 4.00 
X (VSS), mg/L 558 34.5 59.0 31.3 61.4 77.2 
XNest (VSSN), mg/L 285 17.6 30.1 16.0 31.3 39.4 
NH3-N removal rate, 
mg/L/h 
6.55 0.85 0.62 0.64 0.72 0.65 
qNobs, mgNH3-N 
oxidized/mg VSS/d 
0.28 0.59 0.25 0.49 0.28 0.20 
qNest, mgNH3-N 
oxidized/mg VSSN/d 
0.55 1.16 0.50 0.97 0.55 0.40 
OUR, mg/L/h N/A N/A 2.32 N/A 2.97 10.74 
Specific oxygen 
uptake,mgO2/mgNH3-N 
oxidized 
N/A N/A 3.74 N/A 4.13 N/A 
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Simulation results (Run No.6-11) 
According to model shown in Table 4.1 and calculated initial AOO and NOO, 
the corresponding simulation results were obtained shown in Fig.6.6– 6.11. 
The parameters values were listed in Table 6.6. 
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Figure 6. 6 Bioaugmentation with nitrifiers developed from dewatered 
biosolids supernatant at 20-day SRT in seed bioreactor. 
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Figure 6. 7 Bioaugmentation with nitrifiers developed from dewatered 
biosolids supernatant at 20-day SRT using diluted dewatered supernatant 
as substrate (test 1). 
134 
 
A
m
m
o
n
ia
 a
n
d
 n
it
ri
te
 c
o
n
ce
n
tr
a
ti
o
n
 
(m
g
/L
)
N
it
ra
te
 c
o
n
ce
n
tr
a
ti
o
n
（
m
g
-N
/L
）
0 
40 
80 
120 
160 
0 
5 
10 
15 
20 
0 2 4 6 8 10 12 
time (hours)  
Figure 6. 8 Bioaugmentation with nitrifiers developed from dewatered 
biosolids supernatant at 20-day SRT using diluted dewatered supernatant 
as substrate (test 2). 
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Figure 6. 9 Bioaugmentation with nitrifiers developed from dewatered 
biosolids supernatant at 20-day SRT using clarified activated sludge 
supernatant as substrate (test 1). 
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Figure 6. 10 Bioaugmentation with nitrifiers developed from dewatered 
biosolids supernatant at 20-day SRT using clarified activated sludge 
supernatant as substrate (test 2). 
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Figure 6. 11 Bioaugmentation with nitrifiers developed from dewatered 
biosolids supernatant at 20-day SRT using activated sludge supernatant 
as substrate. 
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Table 6. 6 Parameters values from simulations 
  NO.6 NO.7 NO.8  NO.9 NO.10 NO.11 
Parameter Unit       
YAOO g-COD/g-N 0.208 0.208 0.208 0.208 0.208 0.208 
max,AOO d-1 0.15 0.3 0.15 0.25 0.2 0.15 
KS,AOO mg-N/L 6 6 6 6 6 6 
bAOO d-1 0.04 0.04 0.04 0.04 0.04 0.04 
YNOO g-COD/g-N 0.029 0.029 0.029 0.029 0.029  
max,NOO d-1 1 1 1 0.7 1 0.25 
KS,NOO mg-N/L 6 6 6 6 6 6 
bNOO d-1 0.04 0.04 0.08 0.04 0.04 0.04 
YOHO g-COD/g-N 6 6 6 6 6 6 
max,OHO d-1 20 20 20 20 20 20 
KS,OHO,O2 mg-O/L 0.2 0.2 0.2 0.2 0.2 0.2 
KS,OHO,NO3 mg-N/L 0.5 0.5 0.5 0.5 0.5 0.5 
bOHO d-1 0.62 0.62 0.62 0.62 0.62 0.62 
 
Run No. 6 is an operation in a seed reactor with nitrifiers using dewatered 
biosolids supernatant containing high ammonia concentration wastewater as 
a substrate shown in Fig. 6.6. From the parameters values listed in Table 6.6, 
max,AOO is 0.15 d-1 and max,NOO is 1.0 d-1.  
 
Run No. 7 and 8 were conducted to verifying bioaugmentation procedures by 
subjecting the supplemental nitrifier population to a familiar diluted 
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substrate, a low-strength ammonia dewater supernatant wastewater at 
similar temperature and pH shown in Fig. 6.7 and 6.8. Comparing to max,AOO 
and max,NOO of Run No. 6, there are no significant differences between Run 6 
and Run 8, and the max,AOO value of Run 7 is more than the seed reactor 
because of bacterial activity recovery phenomenon .  
 
Run No.9, 10 and 11 were conducted to determine if an acclimation period 
was required when the separately cultured nitrifier was introduced to an 
unfamiliar substrate. According to the datasets in Fig. 6.9, 6.10, and 6.11 and 
parameter values from simulation shown in Table 6.6, there were no 
significant differences from nitrifiers trained in seed reactor but a slight 
different in max,NOO of Run No.11. 
 
According to parameters values of the Run 6, 8, 10, and 11 from simulation, a 
conclusion that bioaugumentation with nitrifiers developed from 
high-strength ammonia synthetic wastewater can be achieve in diluted 
dewatered supernatant, clarified activated sludge and activated sludge at 
20-day SRT, although there are slight differences at max,NOO values of Run 9 
and 11.  
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6.3.3. Bioaugmentation with nitrifiers from nitrifying tricking filter 
biomass.  
Bioaugmentation analyses were conducted in low-strength synthetic waste, 
clarified activated sludge and non-nitrifying activated sludge. Results from 
the analyses utilizing nitrifiers developed from nitrifying tricking filter 
biomass at a 20-day SRT. Results are summarized in Table 6.7.  
 
Table 6. 7 Bioaugmentation analyses with nitrifiers from nitrifying tricking 
filter biomass. 
Run No. 13 14 15 16 17 18 19 
substrate Low-strength 
synthetic waste 
Clarified activated 
sludge 
Activated 
sludge 
Substrate volume, 
L 
5.730 5.864 5.730 5.864 5.685 5.767 5.883 
Supplemental 
nitrifier volume, L 
0.270 0.136 0.270 0.136 0.315 0.233 0.117 
Total volume, L 6.000 6.000 6.000 6.000 6.000 6.000 6.000 
X (VSS), mg/L 490 320 490 320 440 5.28 265 
NH3-N removal 
rate, mg/L/h 
1.71 0.87 1.71 1.11 1.24 1.46 0.81 
qNobs, mgNH3-N 
oxidized/mg VSS/d 
0.084 0.066 0.084 0.083 0.067 0.067 0.074 
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Simulation results (Run No.12-19) 
According to model shown in Table 6.7 and calculated initial AOO and NOO, 
the corresponding simulation results were obtained shown in Fig. 6.13 – 6.19. 
The parameters values were listed in Table 6.8. 
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Figure 6. 12 Bioaugmentation with nitrifiers developed from nitrifying 
tricking filter biomass using low-strength synthetic waste as substrate 
(test 1). 
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Figure 6. 13 Bioaugmentation with nitrifiers developed from nitrifying 
tricking filter biomass using low-strength synthetic waste as substrate 
(test 2). 
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Figure 6. 14 Bioaugmentation with nitrifiers developed from nitrifying 
tricking filter biomass using clarified activated sludge supernatant as 
substrate (test 1). 
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Figure 6. 15 Bioaugmentation with nitrifiers developed from nitrifying 
tricking filter biomass using clarified activated sludge supernatant as 
substrate (test 2). 
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Figure 6. 16 Bioaugmentation with nitrifiers developed from nitrifying 
tricking filter biomass using clarified activated sludge supernatant as 
substrate (test 3). 
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Figure 6. 17 Bioaugmentation with nitrifiers developed from nitrifying 
tricking filter biomass using activated sludge supernatant as substrate 
(test 1). 
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Figure 6. 18 Bioaugmentation with nitrifiers developed from nitrifying 
tricking filter biomass using activated sludge supernatant as substrate 
(test 2). 
Nitrifiers from nitrifying tricking filter were utilized for bioaugmentation.  
Run No. 13 and 14 were conducted in low-strength ammonia synthetic 
wastewater. Run No. 15, 16 and 17 were conducted in clarified effluent from 
non-nitrifying activated sludge (final clarifier effluent). Run No. 18 and 19 
were conducted in non-nitrifying activated sludge. In Run No. 13 through 
Run No. 19, similar parameters values were obtained as shown in Table. 6.8. 
There were no apparent or acclimation period in operation period. 
Comparing the other two sets of bioaugmentation tests, the max,AOO values 
were much lower because AOO percentage was low in total bacterial amount. 
In this case most of the bacteria was considered to be OHO in the tricking 
filter.  The max,NOO values were different due to its sensitivity 
characteristic.  
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Table 6. 8 Parameters values from simulations 
  NO. 
13 
NO. 
14 
NO. 
15 
NO. 
16 
NO. 
17 
NO. 
18 
NO. 
19 
Parameter Unit        
YAOO g-COD/g-N 0.208 0.208 0.208 0.208 0.208 0.208 0.208 
max,AOO d-1 0.06 0.05 0.055 0.06 0.05 0.052 0.042 
KS,AOO mg-N/L 6 6 6 6 6 6 6 
bAOO d-1 0.04 0.04 0.04 0.04 0.04 0.04 0.04 
YNOO g-COD/g-N 0.029 0.029 0.029 0.029 0.029   
max,NOO d-1 0.4 0.4 0.5 0.3 0.3 0.35 0.35 
KS,NOO mg-N/L 6 6 6 6 6 6 6 
bNOO d-1 0.04 0.04 0.08 0.04 0.04 0.04 0.04 
YOHO g-COD/g-N 6 6 6 6 6 6 6 
max,OHO d-1 20 20 20 20 20 20 20 
KS,OHO,O2 mg-O/L 0.2 0.2 0.2 0.2 0.2 0.2 0.2 
KS,OHO,NO3 mg-N/L 0.5 0.5 0.5 0.5 0.5 0.5 0.5 
bOHO d-1 0.62 0.62 0.62 0.62 0.62 0.62 0.62 
 
According to parameters values from simulations, a conclusion that 
bioaugumentation with nitrifiers developed from nitrifying tricking filter can 
be achieve in low-strength synthetic waste, clarified activated sludge and 
activated sludge can be obtained, although there are slight differences in 
some paremeters values.  
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6.4Conclusion 
 
Bioagumentation procedures were verified by evaluating acclimation and 
ammonia removal in several kinds of substrate, low-strength synthetic 
wastewater, diluted dewatered biosolids supernatant, clarified activated 
sludge wastewater, and supernatant of activated sludge. The following 
conclusions were obtained by simulation process. 
 
1. In all operations, a discernible acclimation period was not observed, 
bioaugmentation procedures were verified. 
 
2. From the simulation, similar values of parameters were obtained in each 
sets of bioagumentation operation. The maximum specific growth rate of 
AOO had a narrow range while NOO had a wider range probably due to 
higher sensitivity on environmental conditions. 
 
3. The results can contribute to bacterial training and purification process 
for environmental bacterial reagent production. 
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7. Conclusion 
 
Biological reactions often experience inhibition from high concentrations of 
substrates, reaction products and other external inhibitory compounds. The 
inhibitory compounds may affect the enzymatic system leading to different 
forms of competitive, non-competitive or uncompetitive reversible inhibition. 
In other situations, the concentration of inhibitory compound could result in 
poisoning leading to irreversible inhibition. There are several mathematical 
models to express reversible inhibition, however recovery and adaptation 
phenomenon are not well described by these models. Furthermore, the 
modelling approaches for irreversible inhibitions are not well developed. 
 
In this study, an irreversible inhibition function was developed and 
evaluated using nitrite oxidising organism (NOO) as a research subject 
under different nitrite concentrations and pH. A set of batch tests was 
carried out at pH 7.0 where the nitrite concentration was automatically kept 
almost constant over the experimental periods for 7 days. During the 
experiments oxygen uptake rate (OUR) and microscopic cell-counting using 
bacterial staining (live/dead method) were performed at 24-hr interval. The 
OUR at 50 mg-N-NaNO2/L linearly increased with an increase of ‘living cells’ 
whilst the OUR and the living cells without nitrite decreased logarithmically 
showing the decay took place. On the other hand, when the nitrite 
concentration was set at over 500 mg-N/L, both OUR and living cells 
decreased at higher specific decay rates than that without nitrite. In the 
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conditions the number of cells stained as ‘dead’ (cells with damaged cell 
membrane) increased along with time but did not correspond to the loss of 
living cells, suggesting a deformation of cell particulates after death. 
Threshold functions depended nitrite concentration were developed to 
express the newly defined decay processes and disintegration processes. 
Based on the response the behaviours for NOO and other cryptic growing 
microorganisms were expressed on Gujer-matrix and these kinetics were 
estimated. The decrease/increase of OUR activity and VSS concentration in 
the batch condition were also simulated by newly constructed model. The 
model presented in this study was to express the loss of active NOO biomass 
due to poisoning, which was a distinct interpretation against the 
conventional models using competitive/non-competitive inhibition on growth 
stage. Therefore the study could be a critical platform to improve the 
understanding of microbial inhibition phenomena. 
 
Nitrite and ammonia may exist in the nitrification process in N-removal of 
wastewater treatment, and free nitrous acid (FNA) and free ammonia (FA) 
was identified as reversible inhibitors for NOO and ammonia oxidising 
organisms (AOO) in previous researches. To evaluate and model for 
reversible and irreversible inhibition by FNA and FA, batch experiments 
were conducted using nitrite-N concentration in the range of 125 - 2000 
mg-N/L (the N concentration ratio of nitrite and ammonia was kept at 1 in 
parallel experiments), and the OURs were measured as dynamic reaction 
responses. OUR responses revealed that the inhibition effect of free nitrous 
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acid (FNA) and free ammonia (FA) disappeared after several hours due to 
microbial adaptation from the shock loading. The traditional inhibition 
model on the growth process was modified by incorporating a recovery 
function from the shock loading. The OUR tests also indicated irreversible 
inhibition (poisoning) leading to a perpetual reduction in activity at higher 
doses of inhibitory compounds. For the reversible inhibition a 
time-dependent switching function was developed to express the degree of 
the adaptation. The irreversible poisoning phenomenon was defined as an 
additional first-order type decay/death process that was initiated when the 
inhibitory concentration exceeded the threshold level.  
 
The modified model developed from the batch experimental data was able to 
reasonably reproduce the effluent nitrogenous concentration in the WERF 
benchmark datasets of over 250 days. In simulation process, some kinetic 
inhibition parameters were needed to calibrate depending on the nitrifying 
processes, probably due to the differences of dominant nitrifier species. 
Nevertheless the calculated marginal inhibition concentrations of 
non-ionised nitrite and ammonia were consistent with those presented in 
past studies. Although Haldane-type inhibition is traditionally used to model 
the inhibition of nitrite oxidation process. It appears that an alternative 
poisoning model with poisoning concentration threshold could express the 
nitrifier’s response more accurately. Apart from substrate inhibition of 
nitrifiers, additional mechanism of microbial lysis due to predator infection 
may need further investigation. The traditional reversible inhibition model 
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focusing on only growth process could not properly reproduce the microbial 
oxygen uptake rate when the incubation was extended to several days. This 
was because an adaptation from the shock loading and poisoning took place 
almost simultaneously. 
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